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Joris M. H. Goudsmits
Cells are delineated by a lipid bilayer that physically separates and protects
the inside from the outer environment. Although some small molecules can
pass this membrane, most polar, charged or large molecules require proteins
for transport at rates that are relevant for life. Here I introduce the basic
properties of the biological membrane and key aspects of a number of pro-
tein transporters, especially those that belong to the ATP-binding cassette
(ABC) superfamily. I also present a short overview of the single-molecule
fluorescence techniques used in this thesis to study membrane proteins in
their native environment.
Membrane transport
Cells are the fundamental units of life, both structurally and functionally1. Alone
or organized in multicellular organisms they exhibit great diversity. Despite this
variation, all cells share similar biological molecules they use to support life and
propagate. Molecules ranging from small nutrients to large proteins and nucleic
acids make up the interior of a cell, which is enclosed by a membrane. In eukaryotic
systems, cellular organelles exist within the cell with each their own membrane. In
this thesis, I will exclusively focus on bacterial systems, with the membrane acting as
a physical interface between the inside and outside environments. The cell membrane
comprises a lipid bilayer with a thickness of approximated 5 nm in which proteins
are embedded. The membrane bilayer is a highly dynamic and fluid structure and it
is formed spontaneously as the hydrophobic tails of the lipids organized themselves
to prevent unfavourable interactions with the aqueous environment (Fig. 1.1a)2.
Although the (protein-free) lipid bilayer is impermeable to macromolecules, some
small molecules can, depending on their size and electrical charge, diffusive through
the bilayer along a gradient (Fig. 1.1a)3. Small hydrophobic molecules such as
O2 and CO2 can dissolve in the lipid bilayer, and thus diffuse across. Uncharged
polar molecules, for example H2O, glycerol, and the larger glucose, will also diffuse
through, though at a (much) lower rate. Charged molecules, such as protons†
and other ions, are unable to pass the hydrophobic core of the bilayer due to their
hydration.
In order to precisely control intracellular solute concentrations and to allow trans-
port of molecules that are otherwise unable to cross a lipid bilayer, cells employ
dedicated, membrane-integrated transport proteins. The high portion of genes en-
coding for transport proteins reflects their importance: 20-30% of genes encode for
membrane proteins4, half of which are transporters5. Transport proteins are divided
in two main classes: passive and active transporters (Fig. 1.1b)6. Passive trans-
porters utilize the energy of the electrochemical gradient of the substrate molecules
to move the solute in the direction of the gradient across the membrane. They can
be divided in two classes: (i) channels or pores that form a physical opening, which
can be controlled, as a selective filter to a specific molecule, and (ii) carrier proteins
that have a binding site for a specific molecule and undergo conformational changes
†In practice, protons may actually cross the membrane through (transient) defects 3.




























Figure 1.1 | Membrane transport. a Phospholipids (depicted in box) spontaneously form
a lipid bilayer in aqueous solution. The bilayer is permeable to small uncharged molecules;
the permeability depends on polarity and size of the molecule. Charged molecules are
unable to diffuse through the membrane. b Transport proteins can transport solutes that
otherwise would not be able to pass the membrane. Passive transporters (channels/pores
and mediators) use the energy of the electrochemical gradient of the substrate. Active
transporters use other sources of energy to transport a substrate against a gradient: chem-
ical energy from ATP hydrolysis, the energy of a co-substrate gradient, or other sources
such as light.
such that only one side of the membrane is accessible to that molecule. Active
transporters use different sources of energy to transport a specific molecule or class
of molecules against a gradient. Primary active transporters use energy provided by
ATP hydrolysis to drive conformational changes of the protein. Secondary (coupled)
transporters use the electrochemical gradient of a co-substrate (for example Na+)
to transport their main substrate. Other active transporters employ light or redox to
drive the transporter. Transport of larger molecules, such as proteins, or even larger
particles typically requires a different transport mechanism and is beyond the scope
of this thesis.
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ABC Transporters
ATP-binding cassette (ABC) transporters form the largest superfamily of active
transport proteins. They can be found in organisms ranging from prokaryotes to
humans and they perform a multitude of tasks7. Despite their variety, all ABC trans-
porters share the same architecture with two nucleotide binding domains (NBDs)
forming the core of the complex together with two transmembrane domains (TMDs)
(Fig. 1.2). In a number of classes of ABC transporters, a soluble substrate-binding
protein (SBP), acting as a receptor for the substrate, complements the system. The
NBDs are highly conserved throughout all ABC transporters. Binding and hydroly-
sis of ATP at the interface between these subunits drive conformational changes of
the TMDs, and thereby mediate transport of substrate across the membrane. The
TMDs have evolved from multiple ancestors8. Their (diverse) structure classifies the





















Figure 1.2 | ABC transporters. Three types of ABC importers and two types of ABC
exporters can be distinguished based on their TMD structure (top row). They all share the
same general design: two highly conserved NDBs (blue) drive conformational changes in the
TMDs (green) to allow transport of substrate. Type I and II importers are complemented
with an SBP (magenta); type III (ECF) transporters are characterized by an exchangeable
substrate-specific TMD subunit. The bottom row shows crystal structures of well-studied
model cases. Protein Data Bank (PDB) identifiers are depicted below the names.
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transporters have been identified (Fig. 1.2). Three types of importers, only found
in prokaryotes, can be distinguished based on the TMD structure: type I, II and
III (the latter also called energy coupling factor (ECF) transporters). Their distinct
structures correspond to different transport mechanisms10–16. ABC importers are
mostly responsible for the import of small cellular nutrients such as sugars, amino
acids, metal chelates and vitamins. ABC exporters are involved in the transport of
hydrophobic compounds such as lipids, cholesterol, drugs and even larger molecules
as proteins. They play a fundamental role in multidrug resistance17, cancer18 and
human diseases19 like cystic fibrosis20. Two types of exporters with different trans-
membrane folds are currently known21.
While structural and biochemical studies have provided tremendous insights into
ABC transporters, many mechanistic questions remain unanswered22. For a large
number of transporters it is unknown how many ATP molecules are hydrolyzed
per translocated substrate molecule, and which step in the ATP hydrolysis cycle
provides the necessary conformational changes. There is also uncertainty about the
association state of the different subunits (TMDs, NBDs and SBPs) throughout the
transport cycle. Therefore, high-resolution structural data have to be complemented
by biochemical and advanced biophysical studies that provide dynamic insight.
Membrane proteins and their environment
Membrane proteins are naturally embedded in a lipid bilayer, providing a complex
and dynamic environment. In many experimental approaches, the proteins have to
be removed from their native surroundings before they can be analyzed further in
a detergent or lipid environment in vitro 23. Like lipids, detergents are amphiphilic
molecules with a polar (potentially charged) head and a hydrophobic tail. They
can solubilize membrane proteins by covering the bilayer-embedded elements, thus
resembling the natural lipid bilayer (Fig. 1.3)24. Compared to such detergent-based
solubilization, a lipid bilayer reconstituted in vitro resembles the native environment
much more closely. Detergent-solubilized membrane proteins can be reconstituted
in nanodiscs25 or liposomes26 of various sizes (Fig. 1.3). Nanodiscs are small disc-
shaped patches of membrane surrounded by scaffolding proteins acting as a belt; the
diameter of around ten nanometres can be controlled by the length of the scaffolding
proteins that define the circumference of the disc. Embedded integral membrane
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proteins are experimentally accessible from both sides. Liposomes, however, limit
the accessibility to the outside – the inside can be pre-loaded with the desired con-
stituents, though. Their diameters vary from below 100 nm to tens of micrometres;
unilaminar liposomes are typically in the lower size range. The compartmentalization
offered by liposomes allows the establishment of gradients and makes them of great
interest for studying transport.
Mimicking the complex and dynamic native environment of transport proteins
is nontrivial. Biological membranes consist of multiple components that determine
properties such as thickness, strength and tension23. At the same time, membrane
proteins interact with the surrounding lipids27,28, affecting protein folding and func-
tioning29. Carefully choosing the lipids used for protein reconstitution minimizes any
negative effects. Prokaryotic transporters are typically reconstituted in a mixture of
dioleoyl-phosphatidyl-ethanolamine (DOPE), dioleoyl-phosphatidylglycerol (DOPG)
and dioleoyl-phosphatidylcholine (DOPC), as they require a significant fraction of
non-bilayer (i.e. cone-shaped, as opposed to cylinder-shaped) lipids (DOPE) and
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Figure 1.3 | Environment of membrane proteins. In an aqueous environment, membrane
proteins can be stabilized in detergent (left). Here the hydrophobic tails of the detergent
molecules cover the protein and mimic the bilayer. Nanodiscs (middle) and liposomes
(right) resemble the native environment most closely. In nanodiscs, a scaffolding protein
(red) holds a patch of lipids together while the membrane protein is accessible from either
side. Liposomes on the other hand allow for gradients and allow only the outside to be
accessible during the measurement, which is beneficial for studying transport.
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Experimental methods: single-molecule techniques
Extensive structural and biochemical investigations already have provided great un-
derstanding of membrane transporters. These techniques, however, provide ensemble-
averaged readouts and conceal many aspects of the dynamics of individual members
of the unsynchronized population. Single-molecule techniques overcome this limit
by directly probing individual proteins and thereby providing new insights into impor-
tant structural and functional properties. The first single-molecule observations were
made in the 1970s by the detection of currents in single ion channels31. Advances
such as the detection of single fluorescent molecules under biologically relevant con-
ditions32 and single fluorescent proteins33, as well as the continuous improvement
of high-sensitivity and low-noise photon detectors made single-molecule techniques
a powerful tool to study membrane proteins in vitro and in vivo. Although other
methods such as atomic force microscopy (AFM) have been established to probe
the dynamics of single membrane proteins34, in this thesis I rely on fluorescence
techniques that will be described in more detail below.†
Fluorescence is the radiative decay, in the form of light, from a molecular singlet
state back into the ground state from which the molecule has been excited35. The
wavelength of the emitted light is typically higher than the wavelength of the light
used for excitation; a phenomenon called Stokes shift. Fluorophores – or dyes –
are specifically designed molecules with optimized fluorescence properties such as
stability, brightness and pH sensitivity. When chemically linked to a protein (or other
molecule) they can be used to investigate the host in several ways; a few of which will
be described below (Fig. 1.4a)36. First of all, they can be utilized in fluorescence
microscopy to determine the spatial position with an accuracy of a few tens of
nanometre. Although the point source of light produces a spot (point spread function
– PSF) with a diameter that is fundamentally limited by the wavelength of the light,
the centre can be localized much more accurately37. When two host molecules are
labelled with fluorophores with different spectral properties (i.e. different colours),
they can be co-localized. Second, intensity fluctuations of a single dye can report on
the activity or dynamics of proteins38. The host can change the local environment of
the dye and thereby quench or enhance fluorescence. Lastly, fluorescence (or Förster)
resonance energy transfer (FRET) is a mechanism based on the non-radiative transfer
†Numerous other single-molecule detection and manipulation techniques exist to probe a great
variety of complex biological processes, but they are beyond the scope of this thesis.























Figure 1.4 | Single-molecule techniques. a Several fluorescence techniques; principle
(top) and observable (bottom). By fitting the PSF (typically a few 100 nm wide), the
fluorophore can be localized (crosshairs) with an accuracy of a few 10 nm (left). Using
multiple colours can hint for colocalization. Changes in local environment, which can
depend on protein conformation, of the fluorophore can cause quenching or enhancement
(middle). FRET can be used to measure small distance changes between roughly 20 and
100 Å (right). b In epifluorescence (left), the entire aqueous solution is excited by the light
beam, whereas in TIRF (right) only a shallow layer (~100 - 200 nm) on top of the glass
surface is excited.
of excitation energy from a donor to an acceptor fluorophore39. This transfer results
in a decreased fluorescence intensity of the donor, and an increased intensity of the
acceptor. The efficiency E of the transfer depends on the distance R between donor
and acceptor:
E = 11 + (R/R0)6
.
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Here R0 is the Förster distance at which the efficiency is 50%. The Förster distance
depends on the pair of dyes and is typically between 50 and 80 Å. When both dyes
are placed accordingly, it allows the detection of the interaction between molecules or
even structural changes within a biomolecule on the length scale of a few nanometres.
Although chemical and photophysical properties of fluorophores are constantly
being improved40, they do have a limited rate and number of photons emitted.
These limitations result in a requirement for efficient and low-background detection
of emission light. The first need is realized by high-quality optics and high-sensitivity
single-photon detectors. Minimizing the amount of background photons, mainly
originating from scattering and impurities, can be done in two ways. In confocal
imaging the detection volume is minimized to volumes on the order of femtolitres41,
thereby typically allowing only one molecule to be measured. The molecule can be
either freely diffusing or immobilized on a surface. A point detector captures all
photons originating from the detection volume. An alternative method to reduce
background photons, which we also employ here, is to decrease the excitation volume
by using total internal reflection fluorescence (TIRF) microscopy42. As opposed to
epifluorescence, where the excitation light beam crosses through the entire sample,
TIRF relies on an incident excitation light beam that is totally reflected inside a
glass coverslip, thereby creating an evanescent wave of approximately 100 to 200
nm thick (Fig. 1.4b). As a result, only fluorophores that are close to the surface,
typically those whose host is immobilized on the surface, will be excited. Emitted
photons are projected on a 2-dimensional camera, which enables the recording of
multiple fluorophores in parallel.
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Thesis outline
In this thesis, I mainly focus on single-molecule studies of membrane transporters
in order to answer outstanding questions about their mechanisms that biochemical
studies have not been able to answer so far. Here, I provide a brief outline of its
various chapters, together with a short introduction of the studied subjects.
Glutamate transporters are a family of neurotransmitter transporters that are re-
sponsible for uptake of the excitatory neurotransmitter glutamate from the synaptic
cleft43. The proteins in this family, which also includes aspartate transporters found
in prokaryotes, are secondary active transporters. The sodium-coupled aspartate
transporter GltPh from Pyrococcus horikoshii is a well-studied archaeal member of
the family. The transporter is a homotrimer; each protomer has a transport and a
scaffolding domain and uses an elevator-like alternating-access mechanism44–48. One
aspartate molecule is co-transported with three sodium ions49,50. The positions of
all sodium binding sites have been identified with X-ray crystallography46,51,52. Fur-
thermore, simulations revealed possible extracellular and intracellular gating mech-
anisms for substrate binding and release53,54. Although the homotrimeric protein
has been studied extensively, the dynamic behaviour of the individual subunits and
their coordination is unknown. By employing single-molecule FRET imaging and
TIRF microscopy we have studied the motion of individual subunits of liposome-
reconstituted GltPh (Chapter 2).
The vitamin B12 importer BtuCD-F in Escherichia coli (E. coli) is a very well-
studied type II ABC importer (see Appendix I: Brief background on vitamin B12).
Several states of the transporter have been captured in crystal structures12,13,55–57,
and the gating mechanism has been studied by EPR spectroscopy58,59. The trans-
porter has also been the subject of computer simulations, which showed the coupling
between the movements of the NBDs and TMDs60,61. Additionally, the importer
has been investigated in liposomes and detergent with ensemble biochemical stud-
ies62,63. The numerous structural and biochemical investigations have led to varying
transport models, but several steps of the transport mechanism are still not com-
pletely understood. Here, we have probed single transporters in liposomes with
various single-molecule fluorescence techniques and TIRF microscopy to visualize
the transport of a single vitamin B12 molecule, while undergoing conformational
changes (Chapter 3).
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Imaging of fluorescent proteins in single bacterial cells has shown that proteins
localize to specific subregions64. Although membrane proteins always colocalize with
the cell perimeter, other proteins might show varying spatiotemporal behaviour65.
When the abundance of proteins of interest is low, information from many cells needs
to be combined to make the protein location visible. Commonly, cell segmentation
techniques are employed, with software packages such as MicrobeTracker66, Cell-
Profiler67,68, Schnitzcells69, PSICIC70, BactImAS71, and Oufti72. Although these
packages are flexible, they have disadvantages: the algorithms typically require ex-
tensive tuning and they are computationally expensive. In this work we investigated
a new and fast user-impartial technique to overlay cells along the short axis (Chapter
4).
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Appendix
I. Brief background on vitamin B12
Vitamin B12, also known as cobalamin, is a water-soluble co-factor essential for
many cellular processes. Discovered as a cure for pernicious anaemia, later also
called vitamin B12 deficiency anaemia, in 194873, the structure was only solved
8 years after74. Many organisms, ranging from bacteria to eukaryotes, need the
vitamin, however a few bacteria can synthesize it themselves75,76. The classical
model organism E. coli can not synthesize the vitamin de novo.
The structure of cobalamin is based on a corrin ring surrounding a cobalt ion
(Fig. 1.A1a). The metal ion is coordinated by six sites: four of them are on the corrin
ring, one is the lower ligand dimethylbenzimidazole (DMBI) and one is a variable
upper ligand. This centre of reactivity can be a cyano group, a hydroxyl group, a
methyl group or a 5’-deoxyadenosyl group. Cyanocobalamin† is the stable synthetic
form that is biologically inactive, but can be metabolized into one of the two active
forms methylcobalamin or adenosylcobalamin. These biologically relevant forms are
unstable as the lower ligands can experience photo-induced dissociation. All four
forms of cobalamin have a strong absorption peak around 350 nm (Fig. 1.A1b).
a b























Figure 1.A1 | Structure and absorption spectrum of cobalamin. a Structure of cobal-
amin. The cobalt ion is coordinated by a corrin ring (red), a lower ligand DMBI (green)
and a variable upper ligand (R). b Absorption spectrum of cyanocobalamin in 50 mM KPi,
200 mM KCl, pH 7.5.
†When not specified further, by convention cyanocobalamin is the form of vitamin B12 used.
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To date, the only vitamin B12 uptake system known in bacteria is BtuCD-F,
which resides in the inner membrane of E. coli. Cobalamin, having a molar mass of
1355 g/mol, is unable to diffusive passively through the outer membrane of the gram-
negative bacterium. Therefore this scarce nutrient is actively transported into the
periplasm by the BtuB transporter interacting with the Ton-system which delivers
the required energy77. Subsequently, vitamin B12 is scavenged from the periplasm
and imported into the cytosol by BtuCD-F.
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Excitatory amino acid transporters (EAATs) are secondary transport proteins
that mediate the uptake of glutamate and other amino acids1. EAATs fulfil
an important role in neuronal signal transmission by clearing the excitatory
neurotransmitters from the synaptic cleft after depolarization of the postsy-
naptic neuron. An intensively studied model system for understanding the
transport mechanism of EAATs is the archaeal aspartate transporter GltPh 2–6.
Each subunit in the homotrimeric GltPh supports the coupled translocation
of one aspartate molecule and three Na+ ions2 as well as an uncoupled flux
of Cl– ions7. Recent crystal structures of GltPh 3,5,6,8 revealed three possi-
ble conformations for the subunits, but it is unclear whether the motions of
individual subunits are coordinated to support transport. Here, we report
the direct observation of conformational dynamics in individual GltPh trimers
embedded in the membrane by applying single-molecule fluorescence reso-
nance energy transfer (FRET). By analysing the transporters in a lipid bilayer
instead of commonly used detergent micelles, we achieve conditions that ap-
proximate the physiologically relevant ones. From the kinetics of FRET level
transitions we conclude that the three GltPh subunits undergo conformational
changes stochastically and independently of each other.
Introduction
Ion-coupled transporters such as GltPh couple the free energy of an ion gradient to the
transport of solutes across the membrane. Several crystal structures of GltPh show
the transporter either in a symmetric state with all three subunits in an outward-
facing5 conformation (with the substrate-binding site exposed to the extracellular
side), an inward-facing3 one (with the substrate-binding site facing the intracellular
side) (Fig. 2.1a), or in an asymmetric conformation8 with one subunit in an inter-
mediate and the two others in an inward-facing conformation. The asymmetry of
the latter structure raises important mechanistic questions about the coordination
of subunits during transport. Do the conformational changes in the subunits take
place in a synchronised, co-directional manner? Or can the subunits assume dif-
ferent conformations within the trimer? The inter-subunit distances in GltPh have
been determined using electron paramagnetic resonance (EPR) and were found to be
broadly distributed9,10. Whether this heterogeneity has a basis in the behaviour of
individual subunits within the trimer or arises from the protein ensemble is difficult
to resolve with population-averaging techniques. Only single-molecule techniques
will allow one to distinguish between truly stochastic subunit dynamics or a more
subtle form of coordination within the trimer (for example, rotary coupling of the
transport cycles of individual subunits).
The application of single-molecule FRET techniques to visualize conformational
dynamics devoid of population averaging11 has only recently been pioneered to
study membrane transporters12–14. Such single-molecule studies (including one
on GltPh 15) have so far focused on detergent-solubilised rather than membrane-
embedded transport proteins. Because ion gradients and membrane potentials can-
not be generated in detergent solution and membrane proteins can behave radically
different in detergent micelles rather than in a lipid membrane16, it is important to
develop methods for the single-molecule characterization of membrane-reconstituted
transporters. To observe directly the transport dynamics and conformational changes
of GltPh, we have applied single-molecule FRET to liposome-reconstituted GltPh.
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Methods
Purification, labelling and reconstitution of GltPh–His. For all experiments,
we used the GltPh–7H–His8 derivate5 with additional mutations C321S and S331C
(introduced with standard cloning techniques). GltPh was expressed in Escherichia
coli MC1061 cells and purified Na+-free as described2,10. While immobilised on
Ni-sepharose (GE healthcare), GltPh was labelled with a mixture of ~80 mM donor
(Alexa Fluor 555 C2-maleimide, Life technologies) and ~80 mM acceptor (Alexa
Fluor 647 C2 maleimide, Life technologies) dissolved in 50 mM KPi, pH 7.0, 300
mM KCl, 0.04% dodecyl maltoside (DDM, Anatrace) (buffer A) at 4 °C, for 20h.
After this step, unreacted dye molecules were removed by washing the column with
20 column volumes of buffer A and labelled GltPh was eluted in 500 ml fractions
with buffer A + 500 mM imidazole. To obtain a monodisperse protein fraction
and to remove remaining unreacted dye molecules, the second GltPh elution fraction
was further purified using size-exclusion chromatography (SEC) on a Superdex-200
column (GE healthcare), equilibrated with buffer A. The peak fraction from SEC
was used immediately for reconstitution into liposomes.
Liposomes were prepared from synthetic lipids and had a final composition of 40%
(w/w) 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 29% (w/w) 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPE), 30% (w/w) 1,2-dioleoyl-sn-glycero-3-
phospho-(1’-rac-glycerol) (DOPG) and 1% (w/w) 1,2-dioleoyl-sn-glycero-3-phospho-
ethanolamine-N-(cap biotinyl) (biotin-DOPE) and were suspended in 50 mM KPi,
pH 7.0. Preparation of the liposomes and protein reconstitution was performed ac-
cording to previously published procedures17. GltPh was reconstituted in a 1:10,000
protein:lipid (w/w) ratio to ensure a high probability of having only a single GltPh
trimer per liposome. Assuming that a 100-nm liposome consists of 80,000 lipids with
an average molecular mass of 750 Da, we calculated that approximately 95% of the
liposomes should be empty with this reconstitution ratio. The probability of finding
two GltPh trimers in a single liposome would thus be 0.052 = 0.0025 (0.25%). After
reconstitution, the proteoliposomes were subjected to four freeze/thaw cycles and
stored in liquid nitrogen.
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Single-molecule fluorescence microscopy. Microscope coverslips (no. 1.5 preci-
sion coverslips, Karl Roth) were extensively cleaned and functionalised with PEG-
5000 and Biotin-PEG-5000 (Laysan Bio) and subsequently used to construct a flow-
cell as described previously18. Prior to use, the flow-cell was incubated with 50 mM
KPi, pH 7.0 (buffer B) 1 100 mg ml−1 streptavidin (streptavidin from Streptomyces
avidinii, Sigma-Aldrich) for 5 min. Unbound streptavidin was subsequently washed
out with buffer B. Next, a suspension of proteoliposomes (lipid concentration 200
mg ml−1) extruded through a 100-nm pore-size filter was flushed in, followed by a
5-min incubation to allow the liposomes to adhere to the surface. Before starting
the experiment, unbound liposomes were washed out with buffer B.
Image acquisition was started shortly (<1 min) after the flow-cell was equilibrated
with activating buffer. Depending on the nature of the experiment, we used the
following compositions for the activating buffer: 50 mM KPi, pH 7.0 (no substrates),
50 mM NaPi, pH 7.0 (Na+ gradient) and 50 mM NaPi, pH 7.0 + 100 mM Na-
aspartate. In addition, the activating buffer contained the following components:
0.5 mM valinomycin (to establish a membrane potential where appropriate), 1 mM
Trolox (antiblinking agent, prepared and aged according to a previously published
procedure19), the GODCAT oxygen scavenging system20 consisting of 7.5 U ml−1
glucose oxidase (glucose oxidase from Aspergillus niger type VII, Sigma-Aldrich),
450 U ml−1 catalase (catalase from bovine liver, Sigma-Aldrich) and 0.8% (w/v)
glucose monohydrate. Immediately before the experiments, the activating buffer
was degassed. Two consecutive experiments were performed on a single flow-cell.
GltPh was visualized using TIRF microscopy on an Olympus IX-71 inverted fluo-
rescence microscope equipped with a high numerical aperture 3100 TIRF objective
(Olympus) and a x1.6 additional magnification insert. Dye molecules were excited
with 532 nm (donor) or 637 nm (acceptor) lasers at 100–150 W cm−2 and the
resulting fluorescence signal was imaged on an EM-CCD camera (Hamamatsu Pho-
tonics) at a frame rate of 10 Hz. The donor and acceptor fluorescent signals were
separated and co-projected on the EM-CCD chip using a Dual View simultaneous
imaging system (Photometrics).
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Selecting GltPh trimers labelled with a single donor and acceptor. At the start
of each experiment, a 10 s (100 frames) movie was recorded with alternating 532-nm
and 637-nm excitation (2 Hz alternation rate, 10 Hz frame rate). This alternating
laser excitation (ALEX) scheme allowed us to determine the separate fluorescence
contributions from both the green and red dyes and thus allowed us to identify
those complexes that had only a single green and a single red dye21. In the 532-nm
excitation frames, co-localizing peaks (indicative of FRET) were identified using a
discoidal peak-finding algorithm (see later). In each frame, and for each peak pair,
two values were calculated: the total fluorescence (Ftotal) and the stoichiometry (S)
according to the following equations:
Ftotal = FDD + FDA + FAA,
S = (FDD + FDA)/(FDD + FDA + FAA),
where FDD is the donor fluorescence upon donor excitation, FDA is the acceptor flu-
orescence upon donor excitation and FAA is the acceptor fluorescence upon acceptor
excitation. Using these data, a three-dimensional histogram was constructed with
the values for Ftotal and S on separate axes (Appendix Fig. 2.A1a). The histograms
show the existence of three major populations separated by their S and Ftotal val-
ues: 1:1 donor:acceptor labelled trimers and 1:2 or 2:1 labelled trimers. In the next
step, we placed a cut-off for the Ftotal values that roughly separates the 1:1 labelled
pool from the 1:2 or 2:1 labelled pools of trimers. However, the relatively large
variation of the Ftotal and S values within each pool did not allow us to exclude
non-1:1 labelled trimers based on the Ftotal values alone. To get a more confident
assignment, all S values from either below or above the Ftotal cut-off were used to
assemble two new histograms (Appendix Fig. 2.A1b). Both histograms should now
represent a linear combination of four distributions: a distribution with an average
S value of 1.0, corresponding to crosstalk from donor fluorescence in the acceptor
channel, and three distributions with average S values corresponding to a 1:1, 2:1 or
1:2 donor:acceptor labelling stoichiometry. In the next step, both histograms were
fitted with a sum of four Gaussian distributions. The same set of distributions was
used to fit both histograms and only the amplitude was varied. From these fits, the
relative contribution of the 1:1 labelled population was calculated for every value of
S. As a criterion for assigning a FRET signal to a 1:1 donor:acceptor stoichiometry,
we used a stoichiometry window of at least half the σ-value (from the Gaussian fit)
positioned such that it maximises the relative contribution of the 1:1 stoichiometry
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peak. In this way we could assign each FRET signal with a confidence of 75–90%
to a 1:1 labelled GltPh trimer. Overall, we observed a clear difference between the
1:1 and 2:1 or 1:2 labelled populations in terms of the kinetics and number of FRET
levels (similar to the differences in Fig. 2.3) that are visited.
Data analysis. A typical FRET experiment resulted in a 3,000-frame (300 s) image
stack. First, the effects of microscopy stage drift were removed from the stack by
applying Fourier correlation22,23 of the first image with every subsequent image in
the stack. Using this approach, every frame was translated a certain number of
pixels in the x or y direction to overlay perfectly with the first frame. To correct
for fluorescence background and the electronic offset from the EM-CCD camera, an
image was created with the average values from the whole stack. This image was
converted in a background-mask that was subtracted from every individual frame by
applying a median filter with a 24-pixel radius three times consecutively. To find the
position of the fluorescently labelled GltPh molecules, we applied a discoidal filtering
algorithm24 on an image with the average pixel values from the whole image stack.
We used a threshold of at least two standard deviations above the average pixel
value for the whole image to select peaks in the acceptor channel. Although these
settings lead to the selection of a significant amount of non-FRET peaks (that is,
crosstalk of donor-only labelled GltPh in the acceptor channel, Appendix Fig. 2.A1a)
we could in this way also detect donor-acceptor pairs with low FRET efficiencies, or
pairs for which one of the molecules were photobleached after only part of the 300
s acquisition time.
For every selected peak, the average fluorescence of a 7 x 7 pixel box was plotted
over time and dynamic acceptor fluorescence signals were selected manually. The
subset of selected donor traces was subsequently checked for anti-correlation with the
donor fluorescence, before calculating the FRET efficiency according to the following
equation:
EFRET = FA/(FA + FD),
where FA is the fluorescence signal in the acceptor channel (corrected for back-
ground) and FD is the fluorescence in the donor channel (corrected for background).
Traces that showed for example very rapid photobleaching, interference of strongly
fluorescent neighbouring peaks, or additional molecules (transiently) absorbing to
the surface were also excluded at this point.
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To extract dwell times from the FRET traces we used the following procedure:
first, the exact average values and number of FRET levels were determined for each
individual trace by fitting the distribution of FRET values with a sum of Gaussian
distributions. This information was subsequently used to categorise each data point
in the FRET trace according to one of the average FRET levels. For example, in
the case of two FRET levels, each data point was associated with one of these two
levels, depending on which one is closest to the value of the data point. In the next
step, all neighbouring points that were associated with the same FRET level were
joined to a single step. Finally, to exclude short dwell times as a result of fluctuations
in the noise, we set a minimum step length of 5 data points. All steps shorter than 5
points were joined with a neighbouring step that had a FRET level that was closest
to their average value.
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Results and discussion
To follow conformational changes in GltPh, we created a single-cysteine mutant
(S331C) at a position where the inter-subunit distance differs strongly between the
conformations observed in the crystal structures (Fig. 2.1a). The cysteines were
labelled with donor (Alexa Fluor 555) and acceptor (Alexa Fluor 647) dyes, which
allow the detection of the inter-subunit distance as a change in the FRET signal. To
follow conformational dynamics of membrane-embedded GltPh and to study condi-
tions that require a vectorial system, we developed a single-molecule assay based on
liposome-reconstituted GltPh in which we could generate the Na+ gradient required
for substrate translocation as well as a membrane potential. We used a 1:10,000
(w/w) protein:lipid ratio to ensure a small probability of 0.25% of trapping mul-
tiple GltPh trimers in a single 100-nm liposome. The liposomes were subsequently
surface-tethered using the interactions between biotinylated lipids and a streptavidin-
covered glass slide (Fig. 2.1b) and imaged with total internal reflection fluorescence
(TIRF) microscopy (Fig. 2.1c). By evaluating the total fluorescence intensities and
donor:acceptor fluorescence ratios, we were able to select trimers labelled with a
single donor and acceptor.
We performed single-molecule FRET experiments under three different condi-
tions: in the absence of Na+ and aspartate, in the presence of external Na+ and a
membrane potential but without aspartate, and finally in the presence of external
Na+, aspartate and a membrane potential. After subjecting several thousands of
liposomes to the stringent selection criteria described in the Appendix, we retained
in total 30 FRET traces each with a duration of several minutes and reflecting lipo-
somes containing a single trimer with the correct 1:1 labelling stoichiometry. These
data represent a total of 2.2 h of FRET trajectories, containing 1,179 transitions. In
the absence of aspartate and Na+, the time-dependent FRET signal from individual
GltPh trimers shows a dynamic behaviour and alternates between a FRET efficiency
of ~0.6 and ~0.9 (Fig. 2.2a). The timescale of the dynamics (several seconds for
each conformation) is similar to the timescale of aspartate transport as determined
previously in bulk experiments4. Notably, such dynamics would appear as a broad
distance distribution in an ensemble-averaging experiment. Next, we added 50 mM
NaPi and the ionophore valinomycin, but not aspartate, to the external medium to
create a Na+ gradient (∆[Na+], inward directed) and an electrochemical membrane
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Figure 2.1 | Experimental setup. a Structures of GltPh with all three subunits in the
inward-facing (left, green, Protein Data Bank (PDB) ID 3KBC) or outwardfacing (right,
blue, PDB ID 1XFH) conformation. The individual subunits have differently coloured
shades. A cysteine at position 331 (red dots) was used for labelling with the donor and
acceptor dyes. The inter-subunit distances are ~50 Å and ~70 Å in the all-inward-facing
and in the all-outward-facing conformation, respectively. The grey bar indicates the ap-
proximate position of the lipid bilayer. b Proteoliposomes with an embedded GltPh trimer
are attached to a coverslip using biotin–streptavidin interactions and imaged with TIRF
microscopy. c Fluorescence of double-labelled GltPh upon excitation of the donor dye. The
emission in the acceptor channel is an indication of FRET. d Example trace of GltPh single-
molecule dynamics with donor (orange) and acceptor (blue) fluorescence (top panel) and
the calculated FRET efficiencies (bottom panel).
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potential (∆Ψ, K+ diffusion potential, negative inside). These conditions resulted
in two populations of molecules that either alternate between ~0.6 and ~0.9 FRET
efficiency, or ~0.4 and ~0.6 FRET efficiency (Fig. 2.2b). It has been determined
previously that GltPh has an equal probability of being reconstituted in an inside-out
or inside-in orientation4. Because both the membrane potential and the ∆[Na+] are
directional, an asymmetric situation is thus created in which the membrane potential
and the ∆[Na+] act differently on either orientation. We therefore assign the two
populations of FRET state distributions to the two possible orientations of GltPh
in the liposomes. To exclude the possibility that the two populations result from a
non-saturating concentration of Na+, we performed the same experiments with a
Na+ concentration of 1 M. The resulting single-molecule FRET data show the same
two populations as in the 50 mM Na+ experiments. The appearance of a popula-
tion that visits a lower FRET efficiency (FRET = 0.4) is also consistent with EPR
measurements of the same mutant that demonstrated an increase of the average
interspin distances10. In a third experiment, we added besides a ∆[Na+] and ∆Ψ
a 100 mM gradient of aspartate to create the conditions in which aspartate can be
transported. In addition to small populations that alternated between 0.4/0.6 or
0.6/0.9 FRET efficiency, we now observed a dominant fraction (73%) that visits all
three FRET levels and always transits from low (0.4) to high (0.9) FRET efficiency
through the intermediate FRET (0.6) or vice versa (Fig. 2.2c). The timescale of
the FRET transitions seems not to depend strongly on the presence or absence of
substrates, that is, the transporter is always dynamic.
To address the question whether or not the subunits in a single GltPh trimer
can be simultaneously in different conformations, we considered single-molecule
FRET traces from trimers that were labelled with three fluorescent dyes (1:2 or
2:1 donor:acceptor). A synchronous movement of the three subunits such that all
subunits remain in identical conformations should give rise to the same pattern as
we see for the 1:1 labelled complexes, because it would yield a convolution of iden-
tical FRET signals. In contrast, a large fraction of the triple-labelled GltPh (71%)
gave rise to a complex FRET trajectory containing a multitude of FRET levels (Fig.
2.3). We therefore conclude that the subunits in a single trimer can be in different
conformations. However, this conclusion does not exclude coordination of their tran-
sitions within the trimer. To gain a more detailed understanding on the coordination
between subunits, we quantitatively analysed and modelled FRET traces from the
1:1 labelled complexes, obtained in the presence of external Na+, aspartate and a
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∆Na+ + Aspartate + ∆Ψ
Figure 2.2 | Single-molecule FRET dynamics. a–c FRET efficiencies for single GltPh
trimers without membrane gradients (a), with ∆[Na+] and ∆Ψ (b) and with ∆[Na+], ∆Ψ
and an aspartate gradient (c). A 10-frame moving average filter was applied to the traces
to reduce noise. In total, 30 FRET traces were analysed with a combined length of 2.2 h.
Chapter 2: Unsynchronised subunit motion in single aspartate transporters | 39
Stoichiometry








































Figure 2.3 | Independent subunit dynamics within GltPh trimmers. a A two-dimensional
histogram with the donor:acceptor fluorescence stoichiometry on the horizontal axis and
the total donor/acceptor fluorescence on the vertical axis (see Appendix Fig. 2.A1 for more
details). The white circle indicates the area where 1:1 labelled complexes can be found
with high confidence. b Single-molecule FRET dynamics for the trimers that are marked as
‘A’ and ‘B’ in panel a containing one donor and two acceptor dyes. Marked by the arrow is
the point where one of the acceptor dyes presumably undergoes photobleaching; from this
point onwards the FRET dynamics appear to be the same as for other 1:1 labelled trimers
(see Fig. 2.2).
membrane potential. Following the observation that asymmetric combinations of
subunit conformations are possible, we considered the inter-subunit distances for
asymmetric pairs of conformations (for example inward-outward or intermediate-
outward) as derived from the available crystal structures3,5,6,8. All combinations
fell in three distance categories: a short distance (~50 Å), intermediate distances
(57–61 Å) and long distances (64–72 Å, see Appendix Table 2.A1). With multiple
trimer configurations corresponding to similar inter-subunit distances, it follows that
multiple configurations will give rise to the same FRET level. The distribution of
lifetimes from a single FRET level is therefore not only necessarily determined by the
lifetime of one particular conformation, but will depend on the lifetimes of several
subsequent conformations that give rise to the same FRET level25.
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The exact relation between the observed FRET level dynamics and the underlying
conformational dwell times is determined by the manner with which individual GltPh
subunits are coordinated in the trimer. For example, the relative number of times
a transition from intermediate FRET to high FRET is observed versus a transition
from intermediate to low FRET strongly depends on whether there is a preferred
order in which trimer configurations follow each other in time (that is, whether the
subunits are coordinated or not). To extract this information, we created an ana-
lytical model of the GltPh transport cycle (Fig. 2.4a, Appendix Fig. 2.A2), which
allows us to simulate the shape of the dwell-time distributions. Furthermore, we
can calculate the relative number of times one FRET level follows after another
(branching ratio) to check whether our model predicts the asymmetric branching
ratios that we experimentally observed (Fig. 2.4b). As a starting point, we took
the simplest set of rules to describe the behaviour of the individual subunits: en-
tirely uncoordinated and stochastic conformational changes, in which the individual
subunits move from the inward-facing to the outward-facing conformation through
the intermediate conformation. We then simulated the GltPh transport cycle using
only the conformational dwell times for individual subunits as an input. We could
uniquely assign the high FRET efficiency to a conformation with the two labelled
subunits both in the inward-facing conformation based on the distances we calcu-
lated from the crystal structures (see Appendix II). In this configuration, the only
transition that gives rise to a change in FRET efficiency is the transition to inward-
facing/intermediate (see Appendix). The average dwell time for the highest FRET
level (Fig. 2.4c) is therefore directly related to the probability of a subunit chang-
ing from the inward-facing to the intermediate conformation and thus can be used
directly as an input parameter for our model.
Using this information, we then calculated theoretical branching ratios and av-
erage FRET level dwell times with various conformational dwell times as an input,
to test the consistency of our model with the experimental data. As listed in Ta-
ble 2.1 we could closely reproduce the FRET level dwell times and branching ratios
we observed in our experiments. Importantly, our model robustly predicts a strong
preference for GltPh to go to the lowest FRET level after visiting the intermediate
FRET level, regardless of the exact conformational dwell times that we used as an
input.


























































τ = 2.3 sτ = 1.7 sτ = 2.1 s
Figure 2.4 | Branching ratios and dwell times for various GltPh conformations. a Visual
representation of a part of the kinetic model that describes unsynchronised conformational
transitions of individual subunits. Starting from the high FRET level (0.9; uniquely corre-
sponding to two subunits in the inward-facing conformation), the trimer progresses through
the different FRET levels in a manner that is determined by the stochastic transition of
individual subunits. A more detailed description can be found in the Appendix. b The
diagram represents the number of times a certain FRET level transition is observed in
GltPh when coming from the lowest (left) or highest (right) FRET level. c Distribution of
dwell times of the highest (left), intermediate (middle) and lowest (right) FRET level. The
exponential lifetime from a single-exponential fit is indicated.
Our single-molecule data agree well with a simple model for the GltPh transport
mechanism, in which the subunits transport aspartate uncoordinated and indepen-
dent of each other. Nevertheless, this observation does not formally exclude other
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Table 2.1 | Experimental parameters compared with calculations based on the model.
Model input Calculation Experimental
τI→X 4.0 s 4.2 s 4.2 s
τX→I 4.0 s – –
τO→X 2.0 s – –
τX→O 4.0 s – –
τ0.9 – 2.0 s 2.1 s
τ0.6 – 2.3 s 1.7 s
τ0.4 – 1.7 s 2.3 s
R1 – 0.89 0.79
R2 – 0.44 0.41
τ indicates the average dwell time of the state preceding the specific conformational
transition (I, inward-facing; X, intermediate and O, outward-facing) or FRET level.
τ0.9, τ0.6 and τ0.4 are the average dwell times for the three FRET levels. R1 is the
branching ratio for the intermediate FRET level (high FRET/low FRET) coming
from the highest FRET level, R2 is the branching ratio for the intermediate FRET
level (high FRET/low FRET) coming from the lowest FRET level.
models with a certain degree of coordination within the trimer. We have, however,
demonstrated that the GltPh subunits can be in different conformations during as-
partate transport (Fig. 2.3). A possible model with subunits that are in different
conformations but move in a coordinated fashion could include a rotary coordina-
tion, in which each subunit is one or more steps out of phase in the transport cycle
compared to its neighbours. A consequence of rotary coordination is that conforma-
tional changes in the subunits are coupled and always occur simultaneously and in
a specific order. Any transition between configurations with the same FRET levels
that is repeated during the transport cycle would in such a situation no longer be
described by a single-exponential decay, but by a rise-and-decay function25. Such
rise-and-decay features are absent in our experimental FRET-level dwell-time distri-
butions (Fig. 2.4c). Furthermore, a simultaneous conformational change in all three
GltPh subunits would give rise to identical transition kinetics in the 1:1 and 2:1/1:2
labelled molecules. The much faster transition kinetics in the 2:1/1:2 complexes
(Fig. 2.3b) precludes any such coordination.
A recent15 single-molecule study of detergent-solubilised GltPh showed long pe-
riods without protein dynamics followed by short bursts of fast dynamics. We did
not observe such on-and-off behaviour in our single-molecule FRET experiments.
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The discrepancy may be caused by differences in the environment of the membrane
proteins (detergent or lipid bilayer) or by the method with which the proteins were
immobilized during the experiments. In the recent study detergent-solubilised GltPh
was anchored directly to the coverslip, whereas in our experiments the immobiliza-
tion was lipid-mediated, without additional protein modification. Further study is
needed to reconcile and understand these differences.
Conclusion
We have directly observed the transport dynamics in a membrane-reconstituted
transporter at the single-molecule level. These observations allow us to conclude
that the GltPh subunits move independently and in an unsynchronised fashion during
aspartate transport. Our results provide a mechanistic explanation for biochemical
experiments on mammalian members from the EAAT family that indicated inde-
pendent transport activity of the individual subunits26–28. Our data also suggest
a previously unknown but important function for the intermediate conformation of
GltPh. In the absence of aspartate, the transporter cycles between either the inward-
facing and intermediate conformation, or the outward-facing and intermediate con-
formation. Under these conditions the dynamics of the conformational changes are
on the same timescale as the dynamics during aspartate transport, indicating a rel-
atively small difference in free energy between the conformations that are probed
by GltPh, as proposed before9,10. The intermediate conformation might therefore
be regarded as barrier that prevents GltPh from probing both the inward- and the
outward-facing conformation in the absence of aspartate. Such a mechanism is not
trivial; continuous switching between the inward- and outward-facing conformations
in the absence of aspartate could result in dissipation of the ∆[Na+]. The helical
hairpin motifs that act as lids for the occlusion of the aspartate binding site may
provide the structural basis for this barrier. Incomplete closure of the binding site
lids could result in a conformation that is incompatible with the full transport cycle.
Further structural and functional studies are needed to test this hypothesis.
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Appendix
I. Selecting GltPh trimers
Stoichiometry








































Ftotal: 0 - 1200
Ftotal: 1200 - 2400
Figure 2.A1 | Selecting a GltPh trimer with a single donor and acceptor. a A three-
dimensional histogram with the stoichiometry values on the horizontal axis and the total
fluorescence on the vertical axis. b Histograms with the stoichiometry values from below or
above the Ftotal cut-off. The black lines indicate optimal fits with a sum of four Gaussian
distributions; the dashed lines represent the individual distributions.
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II. Intersubunit distances
Each distance was calculated from the Cα-Cα distance between Serine 331 in the
crystal structures. The three conformations are indicated by a one-letter symbol: I
= inward facing, X = intermediate and O = outward facing. For combinations for
which there is no crystal structure available, an alignment was made based on the
trimerisation domain (residue 140-200) from two structures. The asymmetric com-
binations are listed twice to reflect the existence of two different values depending
on which neighbouring subunit is used to calculate the distance.
Table 2.A1 | Intersubunit distances as calculated from the crystal structures.
Combination Distance Experimental classification
I-I 49.5 Å high FRET
X-X 60.6 Å intermediate FRET
O-O 71.6 Å low FRET
I-X / X-I 54.6 Å / 58.2 Å intermediate FRET
I-O / O-I 60.0 Å / 64.1 Å intermediate / low FRET
O-X / X-O 65.7 Å / 67.7 Å low FRET
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III. FRET level transitions simulation
In a model where all three subunits of the complex move independently and unco-
ordinated, a branching tree can be used to calculate the expected transitions and
states. Each of the three subunits can be in any of three conformations: inward (I),
intermediate (X) and outward (O). The stochastic transitions from one conforma-
tion to another are characterised by four possible time constants that are used as
the only variables in our calculations:
τX→I , τI→X , τX→O, τO→X .
We excluded the possibility of a transition from the inward- directly to the outward-
facing conformation, in line with a lack of transitions from the ~0.4 FRET level to
~0.9 FRET level. As a consequence, the transition from inward- to outward-facing
always takes places via the intermediate conformation.
We used the model to predict which branching ratios (Fig. 2.4a) would be
expected for a given value for the time constants. The first branching ratio describes
the possibility of changing from intermediate FRET to either high or low FRET
efficiency when the intermediate FRET level is preceded by a state with high FRET
efficiency (Fig. 2.A2a). By walking down the branching tree, the probability to end
in the I-I conformation (high FRET) can be retrieved. We start with the assumption
that the I-O conformation results in a low FRET efficiency. For example, when
taking a look at the first branch, the probability to change in one step to the high




An alternative way to reach the I-I conformation is by following I-X → X-X → I-X
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Figure 2.A2 | Schematic representation of the transitions between FRET levels. a
Possible transitions when the starting FRET level is high FRET efficiency (conformation
I- I). b Possible transitions when starting at conformation I-O with an intermediate FRET
efficiency. c Possible transitions when starting at conformation X-X with intermediate
FRET efficiency.
But we also have to consider multiple sequential X-X → I-X transitions that would
not result in a change in the FRET efficiency. Summing all normalised probabilities


































r k = τA
τX→I
· 11− r ,
(2.A6)






Analogous to the previous equations, the probabilities can be found for changing


















· 11− r . (2.A10)



















Next, we need to extend this branching tree such that it allows for an I-O conforma-
tion with intermediate FRET efficiency. To this end, we re-evaluate half of the I-O
population (because of the asymmetry half of this population will be in one FRET
level, the other half in another, c.f. factor 1/2 in Eq. 2.A12 and Eq. 2.A15). We
can now construct a new branching tree (Fig. 2.A2b). In this figure, P1 and P2
indicate the probabilities to change from the X-X state to the I-I state and the I-O
state respectively. In similar fashion as described earlier, we can find the probability

































































· 11− r . (2.A14)
Finally, by combining Eq. 2.A8, Eq. 2.A9 and Eq. 2.A12 we obtain the probability
to go from the I-I conformation (high FRET) through I-X (intermediate FRET) back
to I-I:
PII→II = PIO→II′ +
1
2 · PII→IO′ · PIO→II . (2.A15)
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For the second branching ratio (Fig. 2.4a) a solution can be found in analogy with
the previous approach. Since the low FRET state can be populated by multiple
conformations (O-X, O-I, O-O) the history of the complex should be known, mak-
ing this case inherently more complicated. Therefore, the exact solutions are not
presented here, however, they are used for all calculations in this work.
In order to verify the obtained equations and to easily extract dwell time distri-
butions of the FRET levels, we have made a simulation based on our model. We
assumed a trimer consisting of three independent subunits, each having three possi-
ble configurations (i.e. inwardfacing, intermediate and outward-facing). Two of the
subunits are virtually labelled, and the resulting FRET levels (~0.4, ~0.6 and ~0.9,
determined for each combination of conformations) are stored. Each run covers a
simulation of several hours so that dwell time distributions can be extracted with
high accuracy. In each simulation, one time unit is defined as 0.001 second, which is
much smaller than the average time (of the order of seconds) it takes for a subunit
to switch to another conformation. The transitions are assumed to be stochastic,
meaning that in every time step there is an equal (user defined) probability to change













The resulting FRET level dwell time distributions are a combination of a rise-and-
decay and single-exponential decay functions, but are practically not distinguishable






























Figure 2.A3 | Radiolabelled aspartate transport by reconstituted GltPh. Uptake of
[14C]aspartate in proteoliposomes containing wild-type GltPh (closed circles) and GltPh 331C
labelled with Alexa Fluor 555 and -647 (open circles). The proteins were purified as
described and reconstituted at a 1:100 protein:lipid ratio (w/w) in liposomes with a lipid
composition identical to the composition used in the single-molecule experiments. Uptake
was driven by a Na+ gradient and a membrane potential as described 2. There is no
significant difference in transport rates between the WT protein and labelled mutant. The
error bars indicate the standard deviation from two measurements.
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B12 transport by the ABC
importer BtuCD-F
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ATP-binding cassette (ABC) transporters form the largest class of active
membrane transport proteins. Binding and hydrolysis of ATP by their highly-
conserved nucleotide binding domains (NBDs) drive conformational changes
of the complex that mediate transport of substrate across the membrane.
The vitamin B12 importer BtuCD-F in Escherichia coli is a well-studied model
system for so-called type II importers. Here, we report the direct observa-
tion at the single-molecule level of substrate transport by the transporter
complex embedded in liposomes. Using single-molecule fluorescence imag-
ing techniques we observed that membrane-embedded BtuCD-F is a stable
complex from which BtuF rarely dissociates, regardless of the presence of
ATP and vitamin B12. Under conditions in which active transport takes
place, a vitamin B12 molecule remains bound to the protein complex for tens
of seconds, during which several ATP hydrolysis cycles can take place, be-
fore it is being transported across the membrane. Our findings suggest that
BtuCD-F complexes embedded in lipid bilayers continuously turn over ATP,
independently of the presence of vitamin B12, which leads to poor coupling.
Introduction
ABC transporters are membrane proteins that translocate substrates across a lipid
bilayer1. They consist of two NBDs that utilize energy of ATP binding and hydrol-
ysis to drive conformational changes in the two transmembrane domains (TMDs),
resulting in the formation of a pathway for substrate transport2. Based on the
architecture of the TMDs, ABC importers can be classified as type I, type II, or
energy-coupling factor (ECF) transporters3–5, each with a different mechanism of
transport6–8. The Escherichia coli (E. coli) vitamin B12 transporter BtuCD-F is
the best characterized type II importer. Extensive structural and biochemical char-
acterization of the transmembrane complex BtuCD alone or in complex with the
substrate-binding protein BtuF has provided the framework for understanding the
mechanism of vitamin B12 transport: crystal structures have revealed several inter-
mediate states in the transport cycle9–12, the gating mechanism of the TMDs upon
ATP hydrolysis has been investigated with EPR techniques13,14, and biochemical
characterization of the complex in detergent and proteoliposomes has given insight
into the molecular steps underlying transport15,16. Nonetheless, many questions re-
main unanswered. Does the soluble substrate-binding protein BtuF remain bound
to the BtuCD transmembrane complex during the cycle15, or does ATP hydrolysis
release the binding protein into the periplasmic space16? Is the substrate immedi-
ately transported, and is ATP merely required to reset the transporter16? Why is
the ATPase activity at least one order of magnitude higher compared to transport of
vitamin B12? In order to answer these questions, we have employed single-molecule
fluorescence techniques to follow individual proteins in time and to directly observe
the transport cycle of BtuCD-F reconstituted in liposomes.
Methods
Purification, labelling and membrane reconstitution of BtuCD-F. BtuC (N-
terminal octa-histidine tag (His8 tag)) and BtuD, both with all native cysteines
replaced by serines (referred to as cys-less), were cloned into the dual-expression
vector p2BAD17. Additional mutations Q111C and W115L were introduced in BtuC.
BtuCD was expressed in Escherichia coli BL21, solubilized in 1% dodecyl maltoside
(DDM, Anatrace) and purified using Ni Sepharose (GE Healthcare). While immo-
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bilized on the nickel column, BtuCD was labelled with the appropriate dye (Alex
Fluor 488, Alex Fluor 555 or Alex Fluor 647, Thermo Fisher Scientific) in 50 mM
KPi, 200 mM KCl, pH 7.5 (buffer A) + 0.03% DDM (buffer B) at 4 °C for 15
minutes. With BtuC being a homodimer in the complex, we aimed for 1 label per
complex. Actual yields varied between -on average- 0.5 and 1.5 labels per complex.
Dual labelled BtuCD cannot be excluded here, but are identified and dealt with
during data analysis (see below). Free dye was removed by washing with 20 column
volumes of buffer B. Labelled BtuCD was eluted with buffer B + 500 mM imidazole.
Protein was further purified by using size-exclusion chromatography (Superdex-200
column, GE Healthcare) and directly used for reconstitution into liposomes. BtuF
(N-terminal His8 tag, signal peptide removed, cys-less) was cloned into pBAD18
width additional mutation D141C. The protein was expressed and purified sepa-
rately from BtuCD with the protocol as described above, with the omission of DDM
and an increased dye labelling incubation time of 2 hours.
Empty liposomes were prepared from a synthetic lipid mixture of 40% (w/w) 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), 29% (w/w) 1, 2-dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE), 30% (w/w) 1,2-dioleoyl-sn-glycero-3-phospho-(19-
rac-glycerol) (DOPG) and 1% (w/w) 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(cap biotinyl) (biotin-DOPE) in buffer A and extruded at 400 nm (Mini-Extruder
with polycarbonate filter, Avanti Polar Lipids) after being subjected to four freeze-
thaw cycles (frozen in liquid nitrogen and thawed at room temperate)18. For recon-
stitution, empty liposomes (10 mg/ml), BtuF (if applicable, 3.2 µM), Triton X-100
(Sigma-Aldrich, 0.3 %) and BtuCD (0.02 µM) were mixed in buffer A. For 100-
nm liposomes, above concentrations lead to 10% of the liposomes having 1 BtuCD
molecule reconstituted, and only 0.5% having more than 1 molecule; on average 1
BtuF molecule is found inside a vesicle. In case liposomes of different size were used,
concentrations were adjusted to maintain the BtuCD / liposome ratio. BioBeads
SM2 (BioRad, 40 mg/ml mixture) were added 5 times to remove detergent for the
following incubation periods at 4 °C while gently agitated: 15 min, 15 min, 30 min,
overnight, and 60 min. BioBeads were then removed and the solution stored in
liquid nitrogen.
In order to incorporate additional molecules such as vitamin B12 or ATP (Sigma-
Aldrich), where applicable, proteoliposomes were mixed with these components.
Next, the solution was subjected to four freeze-thaw cycles to homogenize the sample
and subsequently proteoliposomes were extruded at 100 nm. In case BtuF was used
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throughout the procedure, excess extraluminal protein was removed by incubating
the solution with Ni-NTA magnetic agarose beads (Qiagen) for 1 hour in a reaction
tube and extracting them with a magnet.
Single-molecule fluorescence microscopy. Flow cells were constructed as de-
scribed in Appendix Fig. 3.A9 to allow for a fast exchange in buffer with a steep
gradient. Functionalization of the glass surface is adapted from Tabaei et al.19.
Microscope cover glass (no. 1.5) was extensively cleaned by 20 minutes sonication
in isopropanol, followed by 20 minutes sonication in acetone (after rinsing with ul-
trapure water), followed by 10 minutes plasma cleaning of the dried glasses. After
flow cells were constructed, they were incubated with 1 M KOH for 30 minutes.
Next the channel was washed with copious amounts of ultrapure water and then
washed with PBS buffer. A mixture of 1 mg/ml polylysine (20 kDa) grafted with
polyethylene glycol (PLL-PEG) (PLL(20)-g[3.5]-PEG(2), SuSoS) and 2 µg/ml PLL-
PEG-biotin (PLL(20)-g[3.5]-PEG(2)/PEG(3.4)-biotin(20%), SuSoS) was incubated
for 60 minutes. Finally the channel was washed again in PBS buffer.
Prior to use, the flow channel was incubated with 1.0 mg/ml bovine serum al-
bumin (BSA) in PBS (buffer C) for 5 minutes. Following this step, 0.1 mg/ml
streptavidin (streptavidin from Streptomyces avidinii, Sigma-Aldrich) in buffer C
was incubated for 5 minutes. Subsequently, unbound streptavidin was washed out
with buffer C. Next, fresh proteoliposomes diluted to 100 µg/ml (1.5 nM liposomes)
in buffer A were introduced to the flow cell and incubated for 10 minutes. Freshly
degassed buffer A with the GODCAT oxygen scavenging system20 (7.5 U/ml glu-
cose oxidase (glucose oxidase from Aspergillus niger type VII, Sigma- Aldrich), 450
U/ml catalase (catalase from bovine liver, Sigma-Aldrich) and 0.8% (w/v) glucose
monohydrate) (preparation buffer) was used to wash away unbound proteoliposomes.
During image acquisition, activation buffer was introduced into the flow channel (Ap-
pendix Fig. 3.A9). Activation buffer equals preparation buffer plus (depending on
the type of experiment) 2 mM ATP and 10 mM MgCl2, or BtuF. A programmable
syringe pump (NE-1000, New Era Pump Systems, Inc.) precisely controls all flows.
In case BtuF was directly immobilized on the glass surface, the protocol is slightly
altered: instead of flowing proteoliposomes, 1 µg/ml anti His-tag antibodies with
biotin conjugate (Thermo Fisher Scientific) were incubated for 10 minutes. Next,
unbound antibodies were washed out with buffer A and subsequently 1 nM BtuF was
incubated for 5 minutes. Following this, the protocol is continued with introducing
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preparation buffer. Activation buffer equals preparation buffer plus 2 µM vitamin
B12. All experiments were performed at room temperature.
Using total internal reflection fluorescence (TIRF) microscopy, proteoliposomes
were visualized with an Olympus IX-71 inverted microscope using a 100x high-
numerical-aperture TIRF objective. Dyes were excited with 488-nm, 532-nm, or
637-nm lasers at approximately 10 W/cm2. Fluorescence was recorded with an
EM-CCD camera (Hamamatsu Photonics) at highest EM-gain and a frame rate
of 5 Hz. In case of measuring fluorescence resonance energy transfer (FRET),
fluorescence signals were separated by a two-channel simultaneous imaging system
(DV2, Photometrics) and projected on the camera. Each FRET acquisition was
preceded and followed by a 5 second period of acceptor only excitation. Emission
intensities of donor and acceptor molecules allowed for information about the number
of dyes.
Data analysis. In-house written software for ImageJ21 was used to first correct
acquired images for laser beam profile and electronic offset from the camera. The
software continues to identify peaks in one channel (for FRET data it also finds
corresponding spots in the other channel) using built-in functions of ImageJ. Fluo-
rescence traces were extracted by integrating the fluorescence counts in a circle with
7 pixel diameter. Integrated background counts, normalized to a circle with 7 pixel
diameter and extracted from a nearby area devoid of peaks, were subtracted from
the trace after a temporal median filter of 6 seconds was applied. Before continuing,
resulting traces were subjected to a temporal mean filter of 1 second to remove
noise. If applicable, traces were finally corrected for cross talk between the different
fluorescence channels.
Changes in fluorescence transients were detected by identifying a decrease or
increase at neighbouring time points that exceeds a certain threshold value. The
threshold is set to the standard deviation of the signal in the first 50 seconds of
acquisition times a constant, typically 3.5. A histogram was created for increase
or decrease events. A positive signal (a peak) in the histogram was fitted with a
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To analyze the residence time τ of multiple vitamin B12 molecules in a set of
liposomes, the following equations were used: first single molecules were assumed
to have a residence time τ distribution that follows a single exponential decay. The
probability distribution p(t)τ,N of the total residence time of N substrate molecules
inside a liposome can then be modelled with a rise and decay function22:
p(t)τ,N =
τ−NtN−1






The relative probability of the expected number of molecules inside a liposome is




where N¯ equals the average number of molecules in a liposome. Multiplying both
probability distributions and summing over all positive N gives the probability dis-









Single-molecule experimental setup. To visualize BtuCD and BtuF, we created
single cysteine mutants of BtuC (Q111C) and of BtuF (D141C) that allow for spe-
cific coupling of fluorescent labels to each of these proteins (Fig. 3.1a). We also
introduced a tryptophan mutation in BtuC (W115L) to remove any quenching ef-
fects of this tryptophan on our fluorescent probes23. The labelling positions allow
for different observation strategies that will be individually explained in detail below.
Radiolabelled uptake experiments demonstrated that mutations and labels had no
critical effect on the transport activity (Appendix Fig. 3.A1). Based on our previous
work24, we designed a procedure for reconstituting and visualising single BtuCD
proteins in liposomes with a diameter of 100 nm (see Methods). Components, such





































































































































Figure 3.1 | Experimental setup and fluorescence quenching by ATP and BtuF. a
Structure of BtuF (pink) bound to BtuCD (BtuC homodimer: green, BtuD homodimer:
blue) in the absence of nucleotide and substrate (Protein Data Bank (PDB) ID 2QI9).
Cysteine mutations for labelling in BtuF (D141C) and BtuC (Q111C) are marked with a
red dot. The distance between the labelling positions is ~37Å. b Experimental design.
BtuCD was reconstituted in liposomes of 100-nm diameter in ratios such that on average
one transporter was found per liposome. By introducing BtuF and vitamin B12 to the
lumen of the vesicle and ATP on the outside or vice versa, only one particular orientation
of the transporter was probed. Proteoliposomes are tethered to a glass surface via a biotin-
streptavidin link and imaged using TIRF microscopy. c A complex of BtuCD labelled
with Alexa Fluor 555 and unlabelled BtuF showed decrease in fluorescence intensity upon
addition of ATP and Mg2+ on the outside (middle panel). The distribution of event times
of the first drop of intensity is plotted in a histogram (right panel) for the positive (pos, with
ATP) and negative (neg, without ATP) experiment. For a description of the data analysis,
see Methods. d Similar experiment as described in c, but with AMP-PNP instead of ATP.
No events were observed. e Similar experiment as described in c, but the vesicle lumen
was left empty. Upon introduction of BtuF to the outside of the liposomes an increase in
fluorescence intensity was observed.
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with the cytoplasmic or periplasmic side of the transporter11,15. By introducing them
either in the lumen of the liposomes or on the outside, we were able to selectively
probe only transporters that are placed in either the right-side-out or the inside-out
orientation in the membrane (Fig. 3.1b). Proteoliposomes immobilized on the glass
surface (see Methods) of a flow channel (Appendix Fig. 3.A9) were imaged using a
home-built total internal reflection fluorescence (TIRF) microscope.
Fluorescence changes on BtuCD induced by BtuF and ATP. We set out to
probe the interaction between BtuCD and BtuF in the absence of substrate and
the dependence of this interaction on the presence of ATP. In detergent solution
the proteins form a stably associated complex16, but the stability of the complex
in membranes is not known. For this set of experiments, we used quenching of
a single dye as our observable for protein conformation. We labelled BtuCD with
Alexa Fluor 555 and reconstituted it in such a way that the majority of liposomes
contain at most one copy of the complex (Appendix Fig. 3.A2). The lumen of
the proteoliposomes was loaded with an average of one molecule of unlabelled BtuF
(equivalent to a concentration of 3.2 µM in a liposome with 100-nm diameter) (Ap-
pendix Fig. 3.A3). While the fluorescence was high in the absence of nucleotide,
in a fraction of liposomes (8%) it decreased rapidly upon addition of ATP to the
solution surrounding the liposomes. This fraction of apparent active transporters
corresponds well with previous bulk measurements15. This experiment thus exam-
ined the inside-out orientation, with the BtuD ATPase domains facing to the outside.
The quenching of the fluorescence suggests a conformational change of the complex
(Fig. 3.1c, middle). The distribution of quenching events plotted in a histogram
(Fig. 3.1c, right) revealed an ATP response time in our flow cell of 1.9 ± 0.5 sec
(see Methods). When we performed the same experiment without BtuF, no events
were observed (Appendix Fig. 3.A4), indicating that the observed decrease in in-
tensity was mediated by interaction with BtuF. Repeating this experiment with the
slowly-hydrolysable ATP analogue AMP-PNP, which binds similarly to the NBDs
as ATP11, also showed no change in intensity (Fig. 3.1d). From these data we
conclude that ATP binding and hydrolysis alters the interaction between BtuF and
BtuCD, yielding a decrease in fluorescence. The experiment resulting in the starting
state of the above experiment was also performed: unlabelled BtuF was added to
the outside of proteoliposomes not containing ATP. In 45% of the cases, an increase
in fluorescence intensity was observed, corresponding with the binding of BtuF to
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those BtuCD complexes that were oriented right-side out (Fig. 3.1b, bottom panel,
and Fig. 3.1e). From these experiments we can conclude that a strong interaction
between BtuCD and BtuF resulted in a high fluorescence intensity, whereas a change
in interaction induced by ATP hydrolysis lowers the fluorescence. These findings are
well supported by ensemble measurements (Appendix Fig. 3.A5). Below we will use
these intensity changes to probe ATP hydrolysis.
ATPase activity by the BtuCD-F complex. Based on the experiments presented
in Fig. 3.1 we could not infer whether the change in fluorescence upon ATP hydrol-
ysis was caused by complete dissociation of BtuF from BtuCD, or by more subtle
conformational changes in the intact complex. In order to address this question,
we used single-molecule FRET to probe the distance between BtuCD and BtuF.
BtuCD was labelled with a donor fluorophore (Alexa Fluor 555) and BtuF coupled
to an acceptor dye (Alexa Fluor 647). Labelled BtuF was incorporated in the lumen
of the liposomes. Based on the positions of the labels, as indicated by Fig. 3.1a,
we expected a high FRET efficiency in the associated complex, but no FRET in
case BtuF had dissociated from BtuCD. In the absence of ATP, high and steady
FRET was observed (Fig. 3.2a, Appendix Fig. 3.A6), confirming that BtuCD-F is
indeed a stable complex in membranes. By adding ATP in the absence of vitamin
B12, the total intensity decreased (Fig. 3.2b, middle panel), indicating quenching
similar to what we observed with donor-only labelled protein (above). The obser-
vation that the measured acceptor intensity did not decrease to zero suggests that
either cognate BtuF was not fully dissociated upon ATP hydrolysis, or that the bind-
ing protein cycled between an associated and fully dissociated state on a timescale
faster than our acquisition time. The observation of rare examples of exchange of
labelled BtuF from the complex for unlabelled BtuF (and vice versa) on a timescale
of minutes (Appendix Fig. 3.A7) indicates that the former case is more likely, as
further supported in later experiments (described below). We also observed fluctua-
tions in fluorescence signal of both donor and acceptor while ATP was present, (Fig.
3.2b, middle and right panel). The fluctuations could not be explained by FRET
alone because many of the events were not characterized by anti-correlation of donor
and acceptor intensities. Similar changes in total intensity were also present in the
quenching experiments with a single fluorescent label after addition of ATP (Fig.
3.1c). We reason that intensity fluctuations on the donor dye arise from ATP hy-
drolysis as described above. Experiments with unlabelled BtuCD and labelled BtuF
















































































































Figure 3.2 | Complex formation observed with FRET. a A stable complex of BtuCD
(Alexa Fluor 555) and BtuF (Alexa Fluor 647) was formed when reconstituted in substrate-
free liposomes. The middle panel shows a section of a field of view. On excitation of donor
fluorophores (left channel), emission of acceptor fluorophores was visible (right channel),
which is an indication of FRET and thus complex formation. The right panel shows the
fluorescence traces of the spots marked with a square. A 2.5x higher laser power density
was used to promote bleaching of the dyes, here visible at at ~65 and ~100 seconds. b The
same complex as in a was used, but now ATP and Mg2+ were introduced at time zero. The
total intensity (sum of donor and acceptor fluorescence) decreased when ATP was present,
and dynamics in the signal are visible (middle panel). The right panel shows the average
of traces where a drop in total intensity was observed upon introduction of ATP. The grey
floating bars indicate the number of times the signal exceeded a threshold (see Methods),
and thus report on the extend of the fluctuations increasing at positive times. c Similar
experiment as described in b, but with 100 µM vitamin B12 introduced to the lumen of the
vesicles.
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show the absence of fluctuations in the fluorophore on BtuF (Appendix Fig. 3.A4).
We thus conclude that the intensity fluctuations are transferred to the acceptor dye
on BtuF when bound to the complex, a conclusion that is also supported by data
shown in Appendix Fig. 3.A7.
The dynamics that we attribute to conformational changes induced by ATP
turnover took place on a timescale of seconds, which matches turnover numbers
reported earlier15. The different conformations of the BtuCD-F complex possibly
correspond to states in which BtuF either is capable of binding the substrate vi-
tamin B12 from solution or occludes the binding site for vitamin B12. When we
repeated this experiment with 100 µM vitamin B12 loaded inside the lumen of the
liposomes, a similar behaviour was observed as in the absence of substrate (Fig.
3.2c). These observations correlate well with previous studies that show ATPase
activity is insensitive to vitamin B12 concentrations15.
Stability of the BtuCD-F complex during ATP hydrolysis. Next, we used three-
colour labelling in combination with FRET to investigate further the binding of BtuF
to BtuCD: is the complex dissociating at the fast timescale of ATPase activity?
BtuCD was labelled with donor fluorophore Alexa Fluor 488, while a 1:1 mixture of
BtuF labelled with Alexa Fluor 555 (acceptor green) or Alexa Fluor 647 (acceptor
red) was loaded into the liposomes together with 100 µM vitamin B12 (Fig. 3.3, left











































Figure 3.3 | Absence of exchange observed with FRET. BtuCD labelled with Alexa Fluor
488 was reconstituted in liposomes loaded with 50% BtuF labelled with Alexa Fluor 555
(acceptor, green), 50% BtuF labelled with Alexa Fluor 647 (acceptor, red), and 100 µM
vitamin B12. One example of an initially bound ‘green’ BtuF (middle panel) and one of an
initially bound ‘red’ BtuF (right panel) are displayed. While ATP and Mg2+ were present,
no increase in fluorescence intensity in the opposite channel (red or green respectively) was
observed.
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the exchange between a red and green protein and be visible as a change in acceptor
colour. We used liposomes with a diameter of 200 nm and an average of eight BtuF
proteins in the lumen (3.2 µM) (Appendix Fig. 3.A3); we selected only liposomes
in which both BtuF colours were present. In the presence of ATP, we exclusively
observed FRET traces showing a sustained interaction between BtuC and either
the red- or green-labelled BtuF (Fig. 3.3, middle and right panel). None of the
complexes observed showed exchange of BtuF, confirming a model in which BtuF is
stably bound to the transporter during ATPase activity with exchange taking place
on a timescale of minutes only (Appendix Fig. 3.A7). Our findings are strongly
supported by previous ensemble characterizations of the transporter embedded in
liposomes where the authors looked at exchange of labelled versus unlabelled BtuF12.
Transport of single vitamin B12 molecules. To gain direct insight into the trans-
port of vitamin B12, we employed an experimental design in which we made use of
fluorescence quenching by the cobalt ion25 in the vitamin B12 molecule. For these
experiments, we labelled BtuF with Alexa Fluor 488, a dye that is quenched strongly
by vitamin B12 (Appendix Table 3.A1). To demonstrate the phenomenon, we im-
mobilized labelled and His-tagged BtuF on a glass surface via anti-His antibodies
and then introduced vitamin B12 (which binds to BtuF with a Kd of 15 nM26). The
observed 76% quenching of fluorescence (Fig. 3.4a) is close to the theoretically pre-
dicted 84% (Appendix Table 3.A1). We next performed experiments in the context
of the full transporter: unlabelled BtuCD was reconstituted with labelled BtuF and
10 µM vitamin B12 (~3 molecules) in the lumen. Addition of ATP on the outside
triggered a decrease in fluorescence intensity (Fig. 3.4b, middle panel), which was
only observed when substrate was loaded into the liposomes (Appendix Fig. 3.A8).
The persistent low intensity indicates continuous presence of vitamin B12 in the
transport complex. Binding of new vitamin B12 molecules to the BtuCD-F complex
apparently took place on a time scale faster than our acquisition, as no temporary
increase in fluorescence was observed. However, signal intensities rose again after
some time, possibly indicating that all substrate molecules had been transported out
of the lumen of the liposomes. When we repeated the experiment with 10 times
higher concentrations of vitamin B12, the fluorescence signal remained low after ATP
introduction (Fig. 3.4c), consistent with the interpretation that the rise in intensity
correlated with substrate depletion from the lumen. After summing all traces that
show a decrease in fluorescence intensity at zero seconds, we extracted an average
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residence time of 40 ± 10 seconds per substrate molecule in the transporter (Fig.
3.4b, right panel; Methods).
a



















































































































Figure 3.4 | Transport of vitamin B12 observed with fluorescence quenching. a Dye
quenching by vitamin B12. His-tagged BtuF labelled with Alexa Fluor 488 was immobilised
on the glass surface via anti-His antibodies. Upon introduction of substrate, the fluores-
cence was quenched (middle panel) before it bleached around 100 seconds. Fluorescence
intensities were collected in a histogram (right panel) to show that the quenching effect was
approximately 75%. b When unlabelled BtuCD was reconstituted in liposomes loaded with
10 µM vitamin B12 (~3 molecules) and BtuF labelled with Alexa Fluor 488, a decrease in
intensity was observed upon introduction of ATP and Mg2+ (middle panel). The orange line
marks the periods of low fluorescence and indicates when a substrate molecule was present
in the transporter. Averaging all traces (right panel) shows a gradual increase in intensity,
which we attribute to depletion of substrate from the liposome. For data analysis, see
methods. c Similar experiment as described in b, but with ten times higher concentration
of vitamin B12. Depletion as observed in b was not visible here.
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Transport model. Our study of the transport mechanism of BtuCD-F transporters
embedded in lipid bilayers at the single-molecule level provides direct insight into
the relation between BtuCD, BtuF and substrate transport. Our results build upon
previously reported ensemble measurements and enable us to propose a significantly
revised transport model (Fig. 3.5). In the absence of nucleotides and substrate, a
stable BtuCD-F complex is formed in the lipid bilayer (state I). We have shown for
the first time that such a stable complex exists when the protein is embedded in a
lipid bilayer. Binding and hydrolysis of ATP causes a conformational change in the
complex, but does not lead to the dissociation of BtuF from the complex (state II).
In the absence of nucleotides and substrate, BtuF fully associates with the complex
again: this cycle between state I and II explains the high basal ATPase activity, which
was reported previously. We propose that the conformational change towards state II
results in partially opening of the BtuCD-F complex allowing a vitamin B12 molecule
to bind in the high-affinity pocket of BtuF (state III). BtuF consequently seals off the
periplasmic side of the transporter and the substrate molecule resides in the complex
(state IV). The existence of such a state has recently been demonstrated by a crystal
structure11. Our results also suggest that the substrate resides in a different place
than the BtuF binding pocket as the quenching effect in the full transporter is
I II III IV
ATP    ADP + Pi
ATP    ADP + Pi
Figure 3.5 | Transport model. BtuCD-F forms a stable complex in the ground state
(I, corresponding to PDB ID 2QI9 and 4DBL). Binding and hydrolysis of ATP partially
dislodges BtuF from the transporter (II, related to PDB ID 1L7V and 4R9U). In the
absence of vitamin B12, the complex cycles back and forth between states I and II. When
substrate is present, BtuF can catch it (III), and the complex will fully associate capturing
the vitamin inside the complex (IV, corresponding to PDB ID 4FI3). From this state, the
transporter can either translocate the substrate molecule and return to the ground state
(I), or it can return via ATP binding and hydrolysis back to the previous state (III). The
latter pathway, which does not transport any molecule, is more likely to happen.
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lower than in BtuF alone (Fig. 3.4a and b), although we cannot exclude that a
photophysical effect reduced the fluorophore quenching in the full complex. Upon
binding and hydrolysis of ATP, the complex returns to state III. The transporter can
cycle multiple times between state III and IV without releasing vitamin B12, resulting
in a much higher ATPase rate than transport rate. This cycling is equivalent to the
cycling between states I and II in the absence of substrate. Occasionally, a vitamin
B12 molecule is released on the cytoplasmic side of the membrane via a proposed
intermediate state12. When the binding location becomes vacant, a new vitamin
B12 molecule is bound rapidly.
Discussion
In our model, we propose ATPase activity while vitamin B12 remains bound. Al-
though it is currently not possible to simultaneously measure ATPase activity and
substrate presence in single-molecule studies, we base our reasoning on time scales
in previous ensemble studies and our observations. Our model is thus consistent
with the observed low transport efficiency, the insensitivity of ATP hydrolysis to
the presence of vitamin B12, and the high basal ATPase activity15. Importantly,
we observed that BtuF remains associated with BtuCD for extended times. Borths
et al. also proposed that BtuF might remain bound to the transporter, although
direct evidence was not available, and their assumption was based on observations
of the complex in detergent solution rather than lipid bilayers. In addition, the low
transport efficiency and substrate entrance into the transporter remained unclear.
Korkhov et al. incorporated a state in their model with vitamin B12 locked inside the
complex, based on crystal structures and ensemble studies in detergent. However,
their model lacked a clear explanation for the inefficiency of coupling between ATP
hydrolysis and transport. In addition they used a model in which BtuF dislodges
from the TMDs during the transport cycle. In our model, dissociation of BtuF from
BtuCD is rare, and not an obligatory step for transport. Occasional dissociation
may be related to escape from off-path conformations such as the asymmetric state
with collapsed cavity trapped in a crystal structure11. While our model unifies the
available ensemble and single-molecule data, there are still questions remaining. For
example, what is the structural basis of the BtuCD-F complex that is susceptible to
vitamin B12 binding (state II and III)? And how much futile ATP hydrolysis takes
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place in the substrate-free and bound state of the complex during each complete
transport cycle? Further structural and biochemical characterization on ensemble
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Figure 3.A1 | Radiolabelled substrate transport by reconstituted BtuCD-F. Uptake
of [57Co]vitamin B12 in proteoliposomes. BtuCD and BtuF were purified and labelled as
described before (see Methods) and reconstituted into proteoliposomes as described by
Borths et al. 15. Uptake of [57Co]vitamin B12 was measured essentially as described by
Borths et al. 15, but with the omission of an ATP regenerating system. Each measurement
was performed in triplicate; mean and standard deviation are plotted. Measurements were
performed in sets of two (labelled by same line colour and symbol shape) from the same
batch of reconstitution. Measured uptake rates agree well with data reported by Borths et
al. 15.
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II. Single BtuCD in liposomes
a b



































Figure 3.A2 | Single BtuCD molecules in liposomes. a A complex of BtuCD labelled
with Alexa Fluor 555 and unlabelled BtuF showed decrease in fluorescence intensity upon
addition of ATP and Mg2+ at 0 seconds (Fig. 3.1c). Two example traces with bleaching
after 130 and 280 seconds respectively are displayed here, indicating these signals originate
from a single fluorophore on a single BtuCD molecule. b Plotting the distribution of the
fluorescence intensity one minute before the introduction of ATP of all traces with an event
show that a single fluorophore has an intensity between roughly 5000 and 12,000 counts.
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III. BtuF inside liposomes
a b












































Figure 3.A3 | Distribution of single BtuF molecules inside liposomes. Empty liposomes
(stained with DiI, DiI:lipid molar ratio 1:25 000) were loaded with 0.32 µM BtuF (100%
labelled with Alexa Fluor 647) and extruded at 100 nm, resulting in, on average, a theoret-
ical value of 0.08 BtuF molecules per liposome. a Single liposomes, immobilised on glass
and imaged in TIRF, were identified by their lipid markers. The corresponding number of
BtuF molecules was determined by analysing bleaching steps. Two example traces with 1
and 3 bleaching steps are shown in panel a; fluorescence levels are marked with a red line.
b The distribution of BtuF molecules per liposome was plotted in a histogram. By fitting
a Poisson distribution an average value of 0.10 ± 0.01 BtuF molecules per liposome was
found, which is in agreement with the expected value of 0.08.



























Figure 3.A4 | Control experiments. a Liposomes reconstituted with BtuCD (labelled with
Alexa Fluor 555), but devoid of BtuF, do not show any change in fluorescence intensity
upon addition of ATP and Mg2+. Only false events caused by noise are registered and
no clear peak around 0 seconds is visible in the histogram – as opposed to the case when
BtuF is present inside the liposomes (Fig. 3.1c). b When proteoliposomes with unlabelled
BtuCD are loaded with BtuF (labelled with Alexa Fluor 647) no true positive events, that
should emerge as a clear peak in the event histogram when ATP is introduced around 0
seconds, are registered.
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Figure 3.A5 | Effect of BtuF and ATP on labelled BtuCD in bulk. BtuCD labelled with
Alexa Fluor 555 was reconstituted (on average 0.5 BtuCD molecules per liposome) with
or without unlabelled BtuF (if applicable, 2 µM) in 100-nm liposomes. Bulk fluorescence
intensity was measured with a plate reader before and after addition of an ATP-Mg2+
mixture (2 mM ATP and 10 mM MgCl2); data were corrected for dilution and time ef-
fects. When BtuF is present, BtuCD and BtuF interact and as a result the fluorescence
of the Alexa Fluor 555 label on BtuCD increased. Upon addition of ATP, the fluorescence
intensity of BtuF loaded proteoliposomes decreased, caused by the destabilization of the
interaction between both proteins. The fluorescence intensity does not decrease to the
level of fluorescence intensity of the proteoliposomes devoid of BtuF, since ATP can only
interact with a fraction of the BtuCD proteins due to their orientation.





































Figure 3.A6 | FRET distribution of BtuCD-F complexes. A stable complex of BtuCD
(Alexa Fluor 555) and BtuF (Alexa Fluor 647) was formed when reconstituted in substrate-
free liposomes (Fig. 3.3a). The left panel shows a two-dimensional histogram of the relative
occurrence of acceptor fluorescence (acceptor excitation) versus total fluorescence (donor
excitation, sum of donor and acceptor fluorescence). Liposomes with at least one fluorescent
BtuF molecule (acceptor fluorescence above 6000 counts; indicated by the dashed line) in
the lumen are further analysed (right panel). Here, the FRET value is plotted versus the
total fluorescence; 244 out of 662 proteoliposomes show a high FRET value of on average














































Figure 3.A7 | Rare example traces that show exchange of BtuF. The probability of
finding two or more copies of BtuF inside a liposome is roughly 25% when the average
copy number is one. With the labelling efficiencies of BtuF ranging from 70% to 90%,
approximately 5% to 10% of the liposomes a pair of labelled and unlabelled BtuF is present.
In rare cases, many times less than expected from the indicated probabilities, an exchange
could be observed between labelled and unlabelled BtuF (see plots). Only after introduction
of ATP at 0 seconds dynamics are present. It is also observed that the dynamics originate
from the donor dye (Fig. 3.1) and are transferred to the acceptor dye if present in the form
of bound labelled BtuF. Note: the right figure shows a green trace that is convoluted with
the fluorescence of a nearby liposome until approximately 25 seconds.
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VIII. Quenching by vitamin B12
Vitamin B12, which has a high extinction coefficient, quenches fluorescence of nearby
dyes based on FRET (vitamin B12 is the acceptor, but does not emit fluorescence).




Here, r is the distance between donor and acceptor and R0 the Förster radius. For







In this equation, κ2 is the orientation factor (estimated at 2/3), Φ0 the quantum
yield of the dye and n refractive index of the medium (water: 1.33). J is the spectral





where FD is the donor emission spectrum (its integral normalised to one), A the
acceptor absorption spectrum (with its maximum scaled to the molar extinction
coefficient in units of M-1cm-1) and λ the wavelength in units of nm. The resulting
Förster radii and quenching values for several dye – vitamin B12 pairs are displayed
in the table.
Table 3.A1 | Theoretical effect of vitamin B12 quenching on fluorophores.
Fluorophore Förster radius (R0) Quenching (E) when vitamin B12 is
bound to labelled BtuF
Alexa Fluor 488 45.9 Å 84%
Alexa Fluor 555 29.1 Å 25%
Alexa Fluor 647 20.4 Å 4%
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IX. Vitamin B12 quenching on BtuCD-F
+ATP @
Time = 0
[B12] = 100 µM
+ATP @
Time = 0























































Figure 3.A8 | Distribution of events of vitamin B12 quenching on reconstituted BtuCD-
F. Upon addition of ATP to vitamin B12-loaded liposomes, the fluorescence signal is
quenched (Fig. 3.4). The distributions of event times (times at which the fluorescence
intensity decreases) are plotted in the histograms. Only when vitamin B12 was loaded into
the lumen, events were detected, as the histograms show. The control experiment (neg)
differs from the positive experiment (pos) by the omission of ATP and Mg2+ from the
activation buffer.
























Figure 3.A9 | Flow-cell design for rapid buffer exchange. a Flow cells were constructed
as described previously 27, with the addition of a cavity at the position where the inlet
tube enters the channel. A tiny air bubble in the inlet tube physically separates the two
buffers, preventing the mixing of the buffers before entering the flow cell. When the air
bubble enters the channel, it becomes trapped in the cavity and the two buffers form one
continuous phase only moments before arriving at the point of observation at the centre
of the channel. b Only inside the channel the interface starts to diffuse, thus giving rise to
a sharp buffer transition at the measurement point, as opposed to the case in which no air
bubble is present in the inlet tube to partition the buffers and diffusion already takes place
in the inlet tube. With the typical flow speeds used in our experiments, 80% increase is
reached in two seconds. Increasing the flow speed improves the sharpness of the transition,
but also introduces focal drift in our current setup.
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Fluorescence microscopy studies have shown that many proteins localize to
highly specific subregions within bacterial cells. Analyzing the spatial distri-
bution of low-abundance proteins within cells is highly challenging because
information obtained from multiple cells needs to be combined to provide
well-defined maps of protein locations. We present (to our knowledge) a
novel tool for fast, automated, and user-impartial analysis of fluorescent pro-
tein distribution across the short axis of rod-shaped bacteria. To demonstrate
the strength of our approach in extracting spatial distributions and visualiz-
ing dynamic intracellular processes, we analyzed sparse fluorescence signals
from single-molecule time-lapse images of individual Escherichia coli cells.
In principle, our tool can be used to provide information on the distribution
of signal intensity across the short axis of any rod-shaped object.
Introduction
In eukaryotic cells, many cellular processes are physically separated from each other
within organelles. Bacterial cells do not typically display such compartmentaliza-
tion, yet fluorescence microscopy studies have revealed that many bacterial pro-
teins localize to distinct subregions within cells1. Bacterial cells usually consist of
a cell envelope (composed of one or two membrane bilayers, peptidoglycan and
lipopolysaccharide) and the aqueous material it surrounds, known as the cytosol2.
The chromosomal DNA, referred to as the nucleoid, resides within the center of
the cytosol1. When fluorescently tagged and imaged, cytosolic proteins produce dif-
fuse signals throughout the cell as a result of diffusion at a timescale faster than the
frame duration (Fig. 4.1a). Particularly large proteins are excluded from the nucleoid
mass and observed to concentrate in the periphery of the cytosol1. Proteins that
associate with membranes, or that reside in the area between two membranes (the
periplasm), are confined to the cell edge. In conventional microscopy images that
present fluorescence signal from a large number of molecules, these latter proteins
typically show up as rings that trace the outline of the cell (Fig. 4.1a). Bacteria
also contain structural proteins that have a variety of different localization patterns.
FtsZ, for example, forms a distinctive ringlike structure at the midcell before cell
division3,4.
Ordinarily, proteins studied by fluorescence microscopy are expressed at relatively
high levels within cells1. In this case, proteins distribute homogenously throughout
a particular subcellular region and thus the localization behavior of a protein is
usually immediately obvious from inspection of microscope images (Fig. 4.1a).
Some proteins, however, produce patchy distributions with few features present in
each cell. This is particularly true of low-abundance proteins, which can be imaged
using single-molecule fluorescence microscopes1. In this case, there are too few
labeled molecules in each cell to uniformly stain the subcellular region to which the
protein is localized (Fig. 4.1b). As a result, the localization behavior of the protein
of interest cannot be determined by direct inspection of images.
To determine the cellular locations of proteins that produce patchy distribu-
tions, it is necessary to combine information from many cells. The most common
approach is to use cell segmentation packages, such as MicrobeTracker5, CellPro-













Figure 4.1 | Localization patterns of fluorescent proteins in bacterial cells. a Com-
mon localization patterns observed using conventional wide-field fluorescence microscopy.
(Top row) Schematic representations of cells in which a cytosolic protein, a membrane-
associated protein, and a nucleoid-associated protein have been fluorescently labeled. (Bot-
tom row) Example microscope images for each localization type (cytosolic YPet; membrane-
associated LacY-eYFP. Nucleoid-associated SYTOX orange stain; Thermo Fisher Scien-
tific, Rochester, NY). b Equivalent patterns observed with single-molecule fluorescence
microscopy. (Top row) Schematic examples of localization patterns for low-abundance
proteins. (Bottom row) Example images of a low-abundance fluorescent protein (UmuC-
mKate2) expressed in E. coli cells. The cell in the left image contains no foci. The right
image shows cells with multiple foci, localized to either the membrane or the cytoplasm.
Due to the low density of labeled molecules, a generalized localization behavior cannot be
resolved from inspection of the image alone. Analyzing the position of all single spots in a
series of images would allow the localization to be generalized.
fluorescence signals across many cells by first assigning outlines for each individual
cell based on bright field images, then determining the positions of features within
the cells using the fluorescence images, and finally mapping the relative locations
of features along the long and short axes of the cell. Cell segmentation is a power-
ful means to extract highly detailed information on fluorescence signals across cell
populations12, many even operating with subpixel resolution5,9,11. Once the param-
eters are trained, many algorithms are highly automated, allowing single-cell level
analysis on large datasets, including time-lapse series13–15. Many of the limitations
of early packages, such as difficulties working with non-rod-shaped cells or fluo-
rescently labeled structures other than punctate foci, have been overcome in the
recently released package Oufti11.
Cell segmentation techniques do have some disadvantages, however. While they
are generally designed to be flexible, working with different cell types and images,
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they are usually built with a specific set of measurements in mind. Because of dif-
ferences in cell size and morphology as well as differences in microscope objectives,
light sources, and cameras, the algorithms typically require extensive tuning of pa-
rameters, often achieved through training protocols. In some cases—for instance,
where images contain some cells that are partially or completely out-of-focus or
when cells change shape during the course of a time-lapse measurement—cell seg-
mentation may not work well at all. While some cell segmentation programs have
been available for several years and are widely used5,11, many researchers still prefer
to write their own cell segmentation software to fulfill particular needs that are not
met by existing packages15–18. Another drawback of cell segmentation approaches
is that they require either high-resolution, high-contrast images (typically, phase-
contrast, bright field images) or the fluorescent labeling of cells12, which may not
be accessible to all researchers. Beyond these points, assignment of cell outlines is
computationally expensive and, in certain situations, manual intervention is required
to remove poorly fit outlines.
Here we present a tool that complements cell segmentation approaches, rapidly
extracting the average location of fluorescence signals from images containing large
numbers of rod-shaped bacterial cells. While our approach does not extract the
same level of information detail as cell segmentation, it requires very little parame-
terization and operates in a highly automated and relatively unbiased manner. The
method requires relative low cell density, i.e., cells should be separated by at least
the space equal to one cell-width. Our tool creates subsections of images, identifies
those that contain cells, and aligns the cells along the vertical axis using structure
tensors and Fourier transforms. Fluorescence signals from aligned cells can then
be overlaid to examine the distribution of fluorescent proteins along the short axis
of the cell. Our highly automated technique works with raw microscopy images
and circumvents the need for assigning cell outlines. Our tool is not restricted to
analysis of punctate foci; it can be used to generalize the localization of any type
of fluorescent feature. In addition to producing overlays, our tool can apply auto-
correlation to sensitively identify repeating patterns within the aligned cells, such
as those produced by membrane-associated proteins. Our tool is primarily intended
for use with time-lapse data, allowing time-dependent changes in protein localiza-
tion to be monitored. It is further possible to postsynchronize images based on
fluorescence intensity to visualize dynamic processes where changes in protein levels
correlate with change in protein localization. Using data from known cytosolic and
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membrane-bound proteins to calibrate intensities across averaged cross sections, we
show that it is further possible to quantify relative amounts of protein present in the
cytosol or bound to membrane.
Materials and methods
The cell alignment algorithm is implemented in MATLAB (The MathWorks, Natick,
MA). The relevant scripts can be found in the Supporting Materials and Meth-
ods (online). Image preparation steps are performed using the open-source image
processing software ImageJ (The National Institutes of Health, Bethesda, MD19).
Data collection. We reanalyzed images previously recorded on a wide-field single-
molecule fluorescence microscope20. Briefly, to collect fluorescence images with
single-molecule sensitivity, high-power laser excitation was coupled into an inverted
fluorescence microscope body (IX-81; Olympus, Melville, NY) equipped with a 1.49
NA 100× objective and a 512× 512 pixel EM-charge-coupled device camera (C9100-
13; Hamamatsu, Hamamatsu City, Japan). Cells were imaged within flow cells that
were built upon glass coverslips derivatized with APTES (3-aminopropyl triethoxy
silane; Sigma-Aldrich, St. Louis, MO). We reanalyzed data from Escherichia coli
strains EAW191 (umuC-mKate2, containing the plasmid pBAD-LacY-eYFP) and
EAW282 (dnaX-YPet, umuC-mKate2). Further details on image acquisition, sample
preparation, and bacterial strains used can be found in Robinson et al.20.
Image preparation. The cell-alignment algorithm identifies cells within bright field
images. To enhance the contrast of cells within these images we preprocessed them
in ImageJ19. Cell-containing bright field images were first background-corrected
by dividing each image by an image of an empty field to enhance the contrast
of the cells against the background. To further enhance contrast, a rolling-ball
background subtraction (ImageJ: Subtract Background) was then applied, using a
rolling-ball radius of 15 pixels (with 1 pixel corresponding to 100 nm in object space).
Fluorescence images were preprocessed as follows to remove diffuse (low-frequency)
fluorescence, a significant proportion of which arose from autofluorescence of the
E. coli cells: each image was duplicated and a 4-pixel radius median was applied
(ImageJ: Filters, Median). This filtered image was subtracted from the original,
effectively removing low-frequency signals. As a result, high-frequency features,
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such as foci and lines around the cell periphery (indicative of nucleoid- or membrane-
bound protein), were enhanced. To reduce pixel noise, the frequency-filtered images
were further subjected to a 1-pixel radius median filter.
Rotational (orientation) alignment based on structure tensor. Each bright
field image was sectioned into square tiles. The dimensions of the tiles are chosen
such that most tiles contain either a single cell segment or no cell segment at all.
Subsequently, the individual tiles need to be rotated such that the cell segments
become oriented in the vertical direction. The correct angle of rotation was ob-
tained using the structure tensor21,22, which uses intensity-gradient information to
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where Ix and Iy are the horizontal and vertical components, respectively, of the
gradient at each pixel. The summation index r ranges over all pixels in the image
tile. The gradient components Ix and Iy at every pixel are obtained by convolving












The eigenvalues λ1 and λ2 (with λ1 ≥ λ2 ≥ 0) and their corresponding orthogonal
eigenvectors e1 and e2 of S describe the overall gradient features. When λ1 > λ2, the
image tile has a predominant direction and the eigenvector e2 is aligned perpendicular
to the gradient direction, i.e., along the cell’s long edge. When λ1 ≈ λ2, the image
tile is isotropic and does not have a main direction. The degree of anisotropy can







that ranges from 0 to 1.
Translational (center) alignment based on Fourier transform. Tiles contain-
ing vertically oriented cell segments were then projected along the vertical axis to
produce line scans of the mean intensity across the short axis of the cell. These line
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scans were then centered by translating them until the symmetry of the cell-derived
signals was maximized (around the line’s midpoint). This is achieved by finding
the points of real-valued translation r for which the imaginary part of the Fourier






Lk(r ′) = Lk × e−2piikr ′/N =
N−1∑
n=0
ln−r ′ × e−2piikn/N ,
(4.3)
where N is the total number of samples in ln. Two solutions exist: one is center-
symmetric, the other edge-symmetric. The correct solution is selected based on
intensity distribution: in bright field images, cells are typically dark compared to the
background.
Line scan analysis. For each valid tile a short-axis cross section (line scan) is
created by projecting the fluorescence data along the long axis. Line scans are
averaged per data set and normalized to a maximum of 1 for display purposes. The
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The value at zero lag, which is mainly determined by noise, is ignored by assigning
R(0) = R(1). Then, the autocorrelation is normalized to 1 at zero lag. Autocor-
relations are weight-averaged by the integrated intensity of the corresponding line
scans and normalized to a maximum of 1 for display purposes.
Postacquisition synchronization. Tiles in time-lapse images were synchronized
after acquisition to eliminate temporal heterogeneity in cell responses. Tiles con-
taining time series were synchronized to the time point at which cells reached their
maximum fluorescence intensity. First, all slices in the time lapse were blurred with
a Gaussian filter of σ ≈ 3× wcel l , with wcel l the width of the cell. Next, a moving
average filter (width, 5 slices) was applied across time points. For each pixel, the
time of maximum intensity tImax is determined. Finally, for every tile the median of
tImax is calculated and used for synchronization.
Chapter 4: A tool for averaging of fluorescence signals in bacteria | 91
Results
Principle. A schematic diagram of our workflow is shown in Fig. 4.2a. Bright field
images are used to determine transformation parameters that subsequently allow
fluorescence signals of cells to be overlaid. First, a bright field image is sectioned
into equally sized square tiles (Fig. 4.2b,c). Their dimensions are typically three
to four times the width of the cells. For this study, we used a tile size of 32 × 32
pixels (corresponding to 3.2 × 3.2 μm in object space). With cells being separated
at least one time by the cell width, each tile typically contains at most one useful
segment from one cell. Smaller tile dimensions would result in increased error in
rotational and translational alignment of cell segments; larger tile dimensions would
frequently result in tiles containing multiple cell segments. In the next step, tiles are
rotationally aligned on the vertical axis of the image using structure tensors (Fig.
4.2d). Tiles are padded with pixels from neighboring tiles to avoid corner artifacts.
The Fourier transform is then used to shift tile images to place cells in the center
(Fig. 4.2e). Tile images are assumed to be periodic in the horizontal direction,
meaning that parts shifting out of the tile on one side enter the tile on the opposite
side. Finally, tiles that do not meet the following three selection criteria are discarded
(Fig. 4.2f): (1) Empty tiles are rejected based on contrast values, defined as the
standard deviation of the pixels. The contrast value used as the selection threshold
is determined empirically. (2) Tiles with non-rod-shaped objects are removed by
rejecting those with a coherence value (Eq. 2) below a lower limit (typically 0.2;
see Appendix Fig. 4.A1). (3) Tiles containing incomplete cell cross sections are
removed by allowing a maximum translation of wti le/2 – wcel l/2 (which equals 10
pixels or 100 nm in this study), with wti le and wcel l being the width of the tile and
cell, respectively (see Appendix Fig. 4.A2).
Figure 4.2 | Workflow of the algorithm. a Flow chart summarizing individual processing
steps. b, c Bright field images are sectioned in square tiles containing a part of one cell.
For illustration of the process, tiles marked with an asterisk are shown in c - f. d Cells
are aligned along the vertical axis using structure tensors. e Tile images are centered with
Fourier transformation. f Tiles that contain nothing (first image), non-rod-shaped objects
(second image), or clipped cells (third image) are discarded. One-dimensional projections
along the vertical axis (line scans) of the accepted tiles are processed for further analysis.
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The first two selection steps are implemented at the orientation alignment step,
significantly reducing computation time for subsequent steps. The entire process is
repeated three more times, shifting the positions of tile boundaries (by wti le/2 in the
vertical, horizontal, and finally both directions) to prevent cells from being ignored
when initially lying on tiles boundaries. Taking into account the cell density and tile
size requirements, typically >80% of the cell surface area is analyzed. Some cell
segments are analyzed multiple times – especially along the cell’s long axis – but
this does not affect the end-result, because this is an ensemble method.
The obtained transformations and selection parameters are then applied to the
fluorescence images that are corresponding to the bright field images. For each tile,
a one-dimensional projection along the vertical axis creates a short-axis cross section
(line scan). Finally, for all identified cells in the population, the line scans and their
autocorrelations are overlaid and processed further.
Analysis of fluorescent protein localization within aligned cells. To validate
our approach, we analyzed images of E. coli cells containing fluorescent fusions
of nucleoid- and membrane-associated proteins. The nucleoid-associated protein,
DnaX-YPet (a replisome component fused to the YFP variant YPet20,24), forms
punctate foci on the nucleoid region of the cytosol (Fig. 4.3a), while the membrane
protein, LacY-eYFP (a membrane-integral lactose transporter fused to the YFP
variant eYFP20), produces a relatively homogeneous signal around the cell periphery
(Fig. 4.3b). For each protein we analyzed 444 individual images, derived from time-
lapse measurements on 12 fields of view. Cells were first aligned using bright field
images, following the steps described above. The resulting transformations were
applied to the corresponding fluorescence images. Fluorescence along the vertical
axis of each tile was compressed to a line scan representing the distribution of signal
across the short axis of the cell. These line scans were summed to produce an
average line scan for the population as a whole (Fig. 4.3c,d). As expected, cells
containing nucleoid-associated DnaX-YPet produce a line scan with a single central
peak (Fig. 4.3c), while cells containing the membrane-localized LacY-eYFP protein
produced a line scan with two peaks, separated by ~0.7 μm (the average width of
an E. coli cell under our conditions; Fig. 4.3d).
We recently demonstrated the use of autocorrelation to differentiate cytoso-
lic and membrane-associated signals in E. coli 20. We found that cytosolic and






































































Figure 4.3 | Analysis of proteins with known nucleoid-associated (DnaX-YPet) and
membrane-associated (LacY-eYFP) distributions. a Fluorescence image of DnaX-YPet.
Punctate foci on the nucleoid region of the cytosol are visible. b The fluorescent membrane
protein LacY-eYFP produces a relatively homogeneous signal around the cell periphery. c,
d Average line scans of the entire populations for DnaX and LacY. The cytosolic DnaX
shows a single peak; membrane-localized LacY shows two peaks separated by the average
cell width. e, f Averaged autocorrelations of the individual line scans for DnaX and LacY.
A single broad peak for cytosolic DnaX and strong cross peaks for membrane-bound LacY
are observed.
peak, whereas membrane signals produce secondary peaks due to correlations across
the two sides of the cell. In these previous measurements, alignment was achieved to
a certain degree by imaging the cells in flow channels: the majority of cells aligned
with the flow of growth medium through the device. We reasoned that stronger and
sharper autocorrelation signatures should be achieved after employing our new (to
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our knowledge) cell-alignment protocol. Indeed, autocorrelation analysis of aligned
cells produced clear autocorrelation functions, with a single broad peak for nucleoid-
associated DnaX-YPet and strong cross peaks for membrane-bound LacY-eYFP at
~0.7 μm from the central peak (Fig. 4.3e,f). We found that, in general, our new
(to our knowledge) form of analysis, in which cells were mathematically aligned, was
less sensitive to negative effects caused by noncellular background signals than in
our earlier flow-aligned approach.
Analysis of spatiotemporal changes in protein localization. Using a combi-
nation of time-lapse imaging and autocorrelation analysis of flow-aligned cells, we
recently showed that DNA polymerase V (pol V) is subject to spatial regulation
as part of the DNA damage response in E. coli 20. Cells irradiated with UV light
increase production of pol V (Fig. 4.4a,b). The newly synthesized pol V is initially
sequestered at the cell membrane, then released into the cytosol during later stages
of the DNA damage response, where it acts to bypass UV-induced lesions on the
DNA (Fig. 4.4a). We next determined whether our computational cell-alignment
technique could be used to even more clearly visualize these changes in cellular
localization. We averaged information from all fields of view at a particular time
point, and plotted line scans and autocorrelation functions as functions of time on
a two-dimensional (2D) contour plot (Fig. 4.4c,d). Both the averaged line scan ap-
proach (Fig. 4.4c) and the autocorrelation approach (Fig. 4.4d) show clear evidence
of redistribution: membrane-associated signatures are observed in the period 60–90
min after UV irradiation (0 min) and become progressively weaker between 90–175
min.
In our earlier work, we found that changes in the cellular localization of pol V cor-
relate with changes in its concentration20. The protein is predominantly membrane-
associated while its levels increase and gradually redistribute after production ceases.
However, the response of individual cells to DNA damage is not synchronized: each
cell produces pol V at a different time after UV irradiation (Fig. 4.4b). We re-
analyzed our time-lapse movies with our cell alignment tool using postacquisition
synchronization of the signals to the point of maximum intensity (Fig. 4.4e). This
point corresponds to 175 min on our plots. At early (<50 min) and late (>220
min) time-points, the uncertainty is increased as progressively fewer tiles contribute
to the average (shaded area, Fig. 4.4e). Plots produced using both the line scan






























































































Time lapse of pol V fluorescencea
Figure 4.4 | Analysis of time-lapse series. a Time-lapse imaging of fluorescent DNA
polymerase V (pol V) shows increased levels in response to DNA damage caused by UV
irradiation. The images are acquired at a 10-min interval starting at 40 min after UV
radiation. b The total fluorescence intensity of a single cell a shows a small peak (dashed
line), whereas the total intensity of the entire population is severely broadened (solid line)
because pol V production is not synchronized. (Shaded area) Standard error. c, d Average
line scan and autocorrelation as a function of time displayed on a 2D contour plot. Redis-
tribution of the protein from being membrane-associated (60–90 min) to cytosolic (90–175
min) can be observed. e Total intensity after postsynchronization. (Shaded area) Standard
error. f, g 2D plots from the line scan and autocorrelation approaches after postsynchro-
nization show strong membrane-associated signatures at the peak of pol V levels around
175 min. These signatures later decrease and become cytosolic.
peak of pol V production (175 min), which subsequently decrease and give way to
cytosolic signatures (Fig. 4.4f,g).
Quantification of signals within cytosolic and membrane regions of cells. Line
scans are direct projections of the nondiffusive protein levels inside the cell and they
allow us to quantify relative amounts of protein present in the cytosol or bound to
membrane. These average cross sections represent mixtures of purely cytosolic and
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purely membrane-localized fluorescence signals. Fitting the data to a linear combi-
nation of both signals yields the relative contribution of each type of fluorescence.
Although the point spread function causes overlap of the both fluorescence types,
the shapes of the curves are clearly distinguishable and the combined signal can be
reliably decomposed by curve-fitting. To demonstrate this approach, we fit line scans
of post-acquisition-synchronized pol V fluorescence with model profiles from data
of known cytosolic and membrane-bound proteins (DnaX and LacY (Fig. 4.3c,d,
Fig. 4.5a)). In Fig. 4.5b, the fraction of cytosolic fluorescence is plotted versus
time. By multiplying this curve with the total fluorescence (Fig. 4.4e), we can
directly deconstruct this signal into cytosolic (Fig. 4.5c) and membrane-associated
components (Fig. 4.5d) and thus quantify spatiotemporal changes. These plots


























































Figure 4.5 | Extracting proportions of cytosolic and membrane-associated fluorescence
signals from images. a Line scans are linear combinations of a purely cytosolic and a purely
membrane-localized fluorescence signal (dashed lines, blue and red, respectively). The fit
(solid black line) closely resembles the measured profile (solid squares). The curve is fitted
in the range from -0.6 to +0.6 μm so that local minima outside this range, which are
artifacts of the preprocessing filter (see Image Preparation), are ignored. b The fraction of
cytosolic fluorescence versus time; the shaded area indicates the uncertainty. (C and D)
Based on the previous curve, the total fluorescence intensity (Fig. 4.4e) can be split into
cytosolic and membrane-localized parts.
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analysis indicates that ~90% of pol V signal is associated with the membrane at the
peak. Later time points show a clear rise in cytosolic features (Fig. 4.5c), in direct
agreement with prior analyses (Fig. 4.4f,g20).
Discussion
Our technique represents, to our knowledge, a novel approach to the analysis of
fluorescent protein localization within bacterial cells. The method is fast and requires
no manual intervention by the user. A dataset of 444 images runs in ~5 min on
a standard desktop computer. The rotational and translational alignment is fairly
robust as it is selective against artifacts or cells that are perpendicularly touching
each other in one tile (see fourth tile in Fig. 4.2c-f). While our tool was developed
for analysis of fluorescent protein signals within rod-shaped bacterial cells, it could
in principle be used to analyze any type of image containing rod-shaped objects
of homogenous width, such as filamentous virus particles and polymer fibers. We
envisage that our tool may be particularly useful for analyzing low-contrast images,
such as those produced using transmission electron microscopy.
In this article, we demonstrate the use of our tool for analysis of protein local-
ization using data from a single fluorescence color channel. However, we have also
developed the capability to carry out two-color colocalization analysis using cross
correlation. Such a two-color approach can be used to determine whether patchy
features coinhabit the same subcellular regions.
An outstanding and much more difficult problem is to analyze the distributions
of proteins along the long axis of bacterial cells. This capability would be particularly
useful for analysis of cell-division proteins, such as FtsZ, which tend to accumulate
at the midplane of the cell, or for proteins that accumulate at the cell poles, such as
the Min proteins25. For objects of reasonably uniform length, such as log-phase E.
coli cells (3–6 μm in length), we anticipate that long-axis analysis should be possible;
however, robust detection of the cell poles and septum is a significant challenge. We
are currently exploring this possibility and foresee that such long-axis analysis may
be included in later versions of our tool.
























Figure 4.A1 | Coherence values for several segments. Image tiles containing single
cell segments (real data). For each tile the eigenvalues λ1 and λ2 of the structure tensor





. Objects with a
coherence value below 0.2 are not considered rod-shaped and are therefore discarded.
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Figure 4.A2 | Discarding incomplete cell cross-sections. Tiles containing incomplete
cell cross-sections can be discarded by introducing a maximum allowed translation smax .
(Top row) Average line scans of real fluorescence data of membrane-associated LacY-eYFP
for different values of smax . Corresponding simulated cells before (middle row, cell at the
maximum allowed offset) and after (bottom row) translation. It can be seen that when the
maximum allowed translation exceeds 10 pixels, incomplete cross-sections contribute to the
average line scan. Towards the lower end of smax no incomplete cross-sections are included,
however the total number of cells N that contribute to the average line scan decreases. As
a result, the optimum value for smax is set at 10 pixels.
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Figure 4.A3 | Discarding incomplete cell cross-sections. By plotting the relative differ-
ence between the peak value at +3 or -3 pixels and the local minimum at 0 pixels in the
line scans (Fig. 4.A2, top row), the optimum value for smax can also be estimated at 10
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Joris M. H. Goudsmits
Summary
Membrane transport proteins (or transporters) act as gateways of the cell. Passively
or actively, they mediate the specific transport of molecules, ranging from small nu-
trients, such as sugars and vitamins, to large molecules, such as proteins, across the
membrane – the barrier that physically separates the cell’s interior from the outside
environment. In Chapter 1, I provide a discussion of the fundamental properties of
the biological membrane as well as the features of membrane transporters relevant
to the experimental studies described in this thesis, particularly the ATP-binding
cassette (ABC) transporters. Further, in Chapter 1 I provide an overview of the
single-molecule techniques employed in this thesis to study these proteins.
In this thesis, I mainly focus on single-molecule studies of active (driven by ATP
or an ion gradient) membrane transporters reconstituted in liposomes. First, we ex-
amined the sodium-coupled aspartate transporter GltPh from Pyrococcus horikoshii,
a well-studied bacterial homologue of human glutamate transporters (Chapter 2).
The human transporters are secondary active transporters responsible for uptake
of glutamate, a primary excitatory neurotransmitter, from the synaptic cleft. The
bacterial and archeal uptake systems provide the organisms with aspartate and glu-
tamate as nutrients. Using total internal reflection fluorescence (TIRF) microscopy
and fluorescence resonance energy transfer (FRET), we directly observed the indi-
vidual motion of subunits of the GltPh homotrimer. We conclude that the subunits
move in an independent and unsynchronized (uncoordinated) manner between the
three states – inward, intermediate and outward. In the absence of aspartate, the
transporter only visits the outward and intermediate, or the inward and intermediate
state at similar time scales as in the presence of aspartate. These findings suggest
that the intermediate state is a barrier that prevents futile transport of sodium ions
in the substrate-free condition. Our findings agree well with earlier structural and
functional biochemical experiments.
In Chapter 3, we investigated at the single-molecule level the transport cycle of
the type II ABC importer BtuCD-F, the Escherichia coli (E. coli) transporter for
vitamin B12. In spite of numerous structural and functional biochemical studies, the
transport mechanism is not well understood. Using different single-molecule fluo-
rescence microscopy and spectroscopy techniques such as co-localization, quenching
and FRET, we probed the dynamics of the full complex under various biochemical
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conditions and proposed a new transport model for this class of ABC importers. We
observed that the substrate binding protein BtuF remains bound to the transmem-
brane complex BtuCD, regardless of ATP hydrolysis and the presence or absence of
substrate. Hydrolysis of ATP however does allow the transporter to bind a vitamin
B12 molecule by partial opening of BtuCD-F, with BtuF acting as lid. The sub-
strate remains inside the complex during multiple ATP hydrolysis events before it is
translocated. Even in the absence of vitamin B12, the complex has a high (futile)
ATP turnover rate, making this transporter highly inefficient. Our new model is
consistent with and unites earlier ensemble studies and structural work.
In Chapter 4, we describe methodology relevant to single-molecule imaging stud-
ies of bacterial cells. Determining the localization of sparse fluorescent proteins in
single bacterial cells is challenging, as it requires the combination of information
from many cells. To this end, many images of individual cells need to be overlaid to
produce a map of the protein location. Several methods already exist, but they re-
quire human intervention and are computationally expensive. We presented a novel,
fast and automated technique to show the distribution of fluorescent proteins along
the short axis of rod-shaped bacterial cells. A bright-field image containing multi-
ple cells was sectioned into square tiles such that the majority of tiles contained at
most one cell segment. Tiles were rotationally aligned using structure tensors, such
that the cell segments become oriented in one direction (the principle orientation).
Next, Fourier analysis was used to translationally align all segments in the direction
perpendicular to the principle orientation of the cell segment. We demonstrated
the power of our approach by visualizing spatio-temporal distribution changes of
fluorescent DNA polymerase V (a translesion synthesis polymerase involved in DNA
repair) in UV-irradiated E. coli cells.
Perspective
The single-molecule experiments conducted in this thesis should be considered as
starting point for further studies. Although they reveal pivotal information about
the function of GltPh and BtuCD-F, more single-molecule and complementing bio-
chemical studies need to be performed to understand these proteins in greater detail.
For example, the research done here on the aspartate transporter only focuses on
the movement of the subunits. The direct relation of these movements to substrate
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binding and transport is not resolved in our experiments. A hypothetical aspartate
binding protein, modified with fluorophores, in the lumen of proteoliposomes could
possibly report on substrate transport. In the case of the BtuCD-F transporter,
we were able to visualize single substrate transport, however the individual steps of
ATP binding and hydrolysis were not yet resolved. Probing the ATPase domains with
fluorescence techniques in real time, e.g. FRET, could complement our proposed
molecular model of transport.
The research on the membrane transporters discussed in this thesis is mainly fun-
damental. Driven by curiosity, it creates elementary knowledge for further applied
research. Understanding the mechanism of transport can assist in drug development.
On the one hand, for example, drug absorption and disposition can be comprehended
and consequently controlled. Knowledge of the functional properties can also aid
in mending malfunctioning transporters that cause diseases. On the other hand,
the fundamental understanding of importers can be used to design antibiotic drugs.
Substances could be identified that specifically interact with a transporter in partic-
ular bacterial species and as a result block uptake of vital nutrients, like vitamins,
in pathogenic bacteria. It is thus of crucial importance to continue this type of
fundamental molecular research on these highly relevant transport proteins.
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6 | Samenvatting en
perspectief
Joris M. H. Goudsmits
Samenvatting
Membraan transporteiwitten (kortweg transporters) dienen als poorten voor de cel.
Passief of actief transporteren ze specifieke moleculen, van kleine voedingsstoffen
zoals suikers en vitamines tot grote moleculen zoals eiwitten, door het membraan –
de barrière die de binnenkant van de cel scheidt van de buitenwereld. In Hoofdstuk 1
geef ik een uiteenzetting van de fundamentele eigenschappen van biologische mem-
branen, alsmede de eigenschappen van membraan transporters welke relevant zijn
voor de studies die worden beschreven in deze thesis, in het bijzonder ATP-bindende
cassette (ABC) transporters. Verder geef ik in Hoofdstuk 1 een overzicht van de
enkel-molecuul technieken die in deze thesis zijn gebruikt voor het bestuderen van
deze transporters.
In deze thesis leg ik de nadruk op enkel-molecuul studies van actieve (gedreven
door ATP of een ion gradiënt) membraan transporters welke in liposomen zijn gere-
construeerd. Als eerste hebben we de natrium-gekoppelde aspartaat transporter
GltPh van Pyrococcus horikoshii onderzocht, een goed bestudeerde bacteriële ho-
moloog voor glutamaat transporters in mensen (Hoofdstuk 2). Deze menselijke
secondaire actieve transporters zijn verantwoordelijk voor de opname van gluta-
maat, een primaire stimulerende neurotransmitter, van de synaptische kloof. De
bacteriële transportsystemen zorgen voor aspartaat en glutamaat als voedingsstof.
Door gebruik te maken van totale interne reflectie fluorescentie (TIRF) microscopie
en fluorescentie resonantie energie transfer (FRET), kunnen we direct de individuele
beweging van subeenheden van de GltPh homotrimeer observeren. Hieruit kunnen
we concluderen dat de subeenheden in een onafhankelijke en ongesynchroniseerde
(ongecoördineerde) manier bewegen tussen de drie verschillende toestanden: bin-
nenwaarts, tussenliggend en buitenwaarts. In de afwezigheid van aspartaat gaat de
transporter óf alleen de buitenwaartse en tussenliggende toestand af, óf alleen de
binnenwaartse en tussenliggende toestand. Dit gebeurt op vergelijkbare tijdschaal
als in de aanwezigheid van aspartaat. Deze bevindingen suggereren dat de tussen-
liggende toestand als barrière fungeert opdat geen overbodig transport van natrium
ionen plaatsvindt in de afwezigheid van substraat. Onze bevindingen zijn sterk in
overeenstemming met eerdere structurele en functionele biochemische studies.
In Hoofdstuk 3 hebben we onderzoek op enkel-molecuul niveau gedaan naar
de transportcyclus van de type-II ABC importer BtuCD-F, de Escherichia coli (E.
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coli) transporter voor vitamine B12. Ondanks de diverse structurele en functionele
biochemische studies, wordt het transportmechanisme niet goed begrepen. Door ge-
bruik te maken van verschillende enkel-molecuul fluorescentie microscopie- en spec-
troscopietechnieken, zoals co-lokalisatie, ‘quenching’ en FRET, hebben we de dy-
namiek van het volledige complex bestudeerd in verschillende biologische condities.
Als gevolg hiervan hebben we een nieuw transportmodel voor deze klasse van ABC
importers voorgesteld. We zagen dat het substraat bindings eiwit BtuF aan het
transmembraan complex BtuCD gebonden blijft, onafhankelijk van ATP hydrolyse
en het al dan niet aanwezige substraat. Echter, hydrolyse van ATP geeft de trans-
porter de mogelijkheid om een vitamine B12 molecuul te binden door het partieel
openen van BtuCD-F, waarbij BtuF fungeert als een soort deksel. Het substraat
blijft in het complex gedurende verschillende ATP hydrolyse cycli alvorens het ge-
transporteerd wordt. Zelfs in de afwezigheid van vitamine B12 heeft het complex
een hoge frequentie van ATP hydrolyse, wat de transporter zeer inefficiënt maakt.
Ons nieuwe model is consistent met en verenigt eerdere biochemische studies.
In Hoofdstuk 4 beschrijven we methodologie die relevant is voor enkel-molecuul
beeldregistratie van bacteriële cellen. Het vaststellen van de lokalisatie van fluores-
cente eiwitten bij lage dichtheid in enkele bacteriële cellen is uitdagend, omdat het
de combinatie van informatie vereist uit vele cellen. Hiertoe moeten vele beelden van
individuele cellen over elkaar worden gelegd om de locatie van de eiwitten in kaart te
brengen. Er bestaan reeds diverse methodes hiervoor, maar deze vereisen menselijke
tussenkomst en kosten veel rekenkracht voor een computer. We presenteren een
nieuwe, snelle en geautomatiseerde techniek om de distributie van fluorescente ei-
witten langs de korte as van staafvormige bacteriën weer te geven. Een ‘bright-field’
beeld dat meerdere cellen bevat werd hiertoe in vierkante secties (tegels) verdeeld,
opdat de meeste tegels hoogstens één celsegment bevatten. Tegels werden vervol-
gens rotationeel uitgelijnd door gebruik te maken van de structuurtensor, opdat de
celsegmenten in één richting worden georiënteerd (de principiële richting). Vervol-
gens werd Fourier analyse gebruikt om all segmenten translationeel uit te lijnen in
de richting loodrecht op de principiële richting van het celsegment. We hebben de
kracht van onze aanpak laten zien door de distributie van fluorescente DNA poly-
merase V (een translesie synthese polymerase betrokken bij DNA herstel) in E. coli
cellen, die zijn beschenen met uv-straling, in ruimte en tijd te visualiseren.
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Perspectief
De enkel-molecuul experimenten die in deze thesis zijn uitgevoerd dienen te worden
beschouwd als startpunt voor verdere studies. Hoewel ze belangrijke basale infor-
matie geven over de functie van GltPh en BtuCD-F, zijn meer enkel-molecuul en
complementaire biochemische experimenten nodig om deze eiwitten in meer detail
te kunnen begrijpen. Bijvoorbeeld, het onderzoek dat hier is uitgevoerd op de aspar-
taat transporter, is alleen gefocust op de beweging van de subeenheden. De directe
relatie van deze bewegingen tot substraat binding en transport is niet opgehelderd
in onze experimenten. Een hypothetisch aspartaat-bindingseiwit, gemodificeerd met
fluoroforen, in het lumen van proteoliposomen zou mogelijk het transport van sub-
straat kunnen rapporteren. In het geval van de BtuCD-F transporter waren we in
staat om het transport van enkele substraat moleculen te visualiseren, maar de afzon-
derlijke stappen van ATP binding en hydrolyse zijn nog niet opgehelderd. Het direct
onderzoeken van de beweging in de ATPase domeinen met behulp van fluorescente
technieken, bijvoorbeeld met FRET, zou ons voorgestelde moleculair transportmodel
kunnen complementeren.
Het onderzoek naar membraan transporters dat in deze thesis wordt besproken,
is hoofdzakelijk fundamenteel van aard. Gedreven door nieuwsgierigheid, creëert
het elementaire kennis voor verder toegepast onderzoek. Het begrijpen van het
transportmechanisme kan helpen bij de ontwikkeling van medicijnen. Enerzijds kan
de opname van medicijnen bijvoorbeeld beter worden begrepen en vervolgens worden
gecontroleerd. Kennis over de functionele eigenschappen kunnen ook helpen in het
herstellen van niet functionerende transporters die ziektes veroorzaken. Anderzijds
kan de fundamentele kennis over importers gebruikt worden voor het ontwerpen van
antibiotica. Moleculen zouden kunnen worden geïdentificeerd die specifiek met een
transporter in bepaalde bacteriesoorten een interactie hebben en daarmee de opname
van vitale voedingsstoffen als vitamines blokkeren in ziekmakende bacteriën. Het is
dus van cruciaal belang om dit type fundamenteel onderzoek naar deze zeer relevante
transporteiwitten voort te zetten.
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